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The formation of color by the interaction of starch and iodine 
is one of the most useful and characteristic reactions of the poly- 
saccharide. The relatively advanced state of our knowledge 
of starch structure is due in great measure to the ability of 
iodine to detect small amounts of starch (as little as 1 ug per 
ml) and to reveal changes in its degree of polymerization caused 
by enzymatic and chemical treatment (1). The blue color of 
the stain is due to the amylose component of starch. The 
other component, amylopectin, gives a red-purple color which 
is much less intense than the amylose stain. When hydrolyzed 
in random fashion by acid or by a-amylase, both polysaccharides 
gradually lose the capacity to stain with iodine. The blue 
amylose color becomes purple, then red, brown, and finally 
disappears. It is of interest to know precisely the relationship 
between the chain length of the amylose and the color and in- 
tensity of the iodine stain. 

The products of partial acidic or amylolytic hydrolysis of 
amylose reveal the color spectrum of chains of varying length, 
but are too heterogenous to be suitable for deriving the desired 
relationship. Amyloses of known degree of polymerization and 
degree of homogeneity can be prepared, however, by phos- 
phorylase-catalyzed synthesis from a maltodextrin primer, with 
a-p-glucose 1-phosphate as the chain-lengthening donor sub- 
strate (2). The degree of polymerization of the amylose is 
calculated from the amount of inorganic phosphate released (and 
hence the moles of p-glucose incorporated into the polymer) 
during synthesis from a known amount of a pure maltodextrin 
primer. The glucose units are added in random fashion to the 
end of each priming molecule so that the resulting polymer has 
a Poisson-type (4) distribution of chain lengths which may be 
calculated accurately. The correctness of values of degree of 
polymerization and chain-length distribution calculated in this 
way has been confirmed analytically (3, 4). Amyloses synthe- 
sized by a similar method were examined for iodine-staining prop- 
erties by Swanson (5), but the primer used was a partial acid 
hydrolysate of Schardinger #-dextrin (cyclohepta-amylose). 
Since it was a mixture of unknown composition, it was not pos- 
sible to determine what proportion of the 6-dextrin fragments 
was represented by priming molecules. Only maltodextrin mole- 
cules having four or more D-glucose units are efficient primers (2, 
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6). Swanson realized that the presence of nonpriming fragments 
would cause the calculated chain lengths of the synthetic amyl- 
oses to be too low. The results now to be reported show that 
the relationship of color intensity to degree of polymerization 
derived by Swanson was indeed incorrect, and in the sense which 
she anticipated. 


EXPERIMENTAL PROCEDURE 


General M ethods—Phosphorylase was prepared and its activity 
measured as described by Whelan and Bailey (2). a-p-Glucose 
1-phosphate was prepared by the method of McCready and 
Hassid (7) and maltohexaose by that of Whelan, Bailey, and 
Roberts (8). Inorganic phosphate was measured by the method 
of Allen (9), as modified by Whelan and Bailey (2). The use 
of mercuric chloride and ammonium molybdate as inhibitors 
of enzymatic contaminants of the phosphorylase is described 
by Bailey, Thomas, and Whelan (10). The iodine solution 
used to stain the synthetic amyloses contained 0.2% iodine in 
2% potassium iodide as is used in the routine determination of 
the “blue value” of starch fractions (11). 

Synthesis of Amylose and Measurement of Iodine Stain—In 
the absence of primer, the phosphorylase did not liberate phos- 
phate from a-p-glucose 1-phosphate when incubated in the 
presence of ammonium molybdate. In the absence of molyb- 
date, slow breakdown of the Cori ester took place because of 
phosphatase impurity. The enzyme did not alter the intensity 
of iodine stain of amylose when allowed to act for 19 hours at 
pH 7.0 and 35°. This indicated the absence of amylase and Q 
enzyme, but as a precautionary measure, mercuric chloride was 
added during the synthesis of amylose to ensure suppression of 
the activity of such contaminants. Three syntheses of amylose 
were performed. 

Synthesis 1—The digest was made by mixing 0.1 M a-p-glucose 
1-phosphate (7 ml, adjusted to pH 7.0), maltohexaose (4.77 mg, 
4.83 uwmoles), 153 wm mercuric chloride (0.6 ml), 8% ammonium 
molybdate (1 ml), 0.2 m acetate buffer (pH 7.0, 3.3 ml), potato 
phosphorylase (150 mg, 4.2 units), and water (to 50 ml). The 
enzyme was added last of all to the remaining digest components, 
which were preheated to 35°. The progress of synthesis was 
followed by measuring the liberation of inorganic phosphate on 
withdrawn portions of the digest. At the same time the iodine- 
staining properties of the synthetic amylose were measured by 
adding additional 0.5-ml samples of the digest to 0.5 ml of iodine 
solution in a final volume of 25 ml. The light absorption over 
the range 450 to 700 my was measured in 1-cm cells in a Unicam 
model SP 500 spectrophotometer. The concentration of amylose 
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TABLE I 
Iodine-staining properties of amylose in range DP 6 to 81 

Maltohexaose primer was incubated with phosphorylase and 
a-pD-glucose 1-phosphate. At the times indicated, portions were 
withdrawn for phosphate determination and iodine-staining. 
DP was calculated from phosphate liberation. P.V. and B.V. 
were calculated from optical density of stain at Amax and at 680 
my, respectively. 


Pais add DP | Iodine color | P.V. B.V. Amax 
min my 
6.25 8.6 | None | 0 0 
11.25 12 Faint red 0.27 0 490 
15.75 14.5 Red 0.52 0.028 490 

20 17 0.71 0.042 505 
25 20 0.88 0.075 515 
30 23 0.98 0.12 520 
32 25 1.03 0.16 525 
38 28 1.11 0.21 533 
44 31 Red-purple 1.17 0.31 537 
48 33 1.19 0.37 546 
51.5 35 1.19 0.35 550 
55 36 Purple 1.24 0.40 554 
60.5 38 1.31 0.48 555 
64.5 40 Blue-purple 1.18 0.45 557 
69.5 42 1.30 0.54 562 
73 43 1.19 0.53 565 
79 45 Blue 1.26 0.58 568 
84 47 Blue-green 1.25 0.61 571 
89.5 48 1.32 0.69 575 
96.5 50 1.28 0.71 575 

101.5 52 1.35 0.78 575 

107.5 53 1.31 0.78 575 _ 

114 55 | 1.31 0.80 ‘580 

122.5 58 1.34 0.86 584 

137 61 1.32 0.86 590 

168 68 1.29 0.98 600 

205 75 1.31 1.06 605 

253 81 1.33 1.12 610 

Lak PEAK VALUE (P.V.) 

Lok BLUE VALUE (8B.V.) 

> 
@ 3 
O8F 4640 2 
Py 
620 > 
a: Of F PEAK WAVELENGTH (2 max.) 7 = 
+560 
4540 
4520 
+500 


CHAIN LENGTH OF AMYLOSE 


Fic. 1. Relationship of chain length and iodine-staining prop- 
erties of synthetic amyloses. Additional details are given in 
Tables I and II in the text. 


was calculated from the initial amount of maltohexaose and the 
inorganic phosphate released. The results are given in Table I 


and Fig. 1. 
Syntheses 2 and 3—The digest components in the second and 
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TaBLeE II 
Iodine-staining properties of amylose in range DP 6 to 568 
All the amyloses stained blue-green except the first, which 
stained purple. Those of DP 308 to 568 were prepared in a sep- 
arate experiment. For additional details see Table I. 


DP PY. B.V. 
min. mp 
30 36 1.27 0.46 550 
52 58 1.20 0.85 595 
70 70 1.29 1.04 600 
100 90 1.28 1.09 605 
122 107 1.35 1.10 610 
184 135 1.30 1.10 615 
238 169 1.25 1.12 620 
310 195 1.33 1.19 620 
372 218 1.38 1.20 620 
423 230 1.38 1.21 625 
501 240 1.42 1.27 625 
571 256 1.42 1.27 630 
613 269 1.39 1.26 630 
672 | 278 1.44 1.29 630 
308 635 

325 640 

366 645 

415 645 

568 645 


third experiments were the same as in the first except for the 
amounts of a-p-glucose 1-phosphate (5 ml) and maltohexaose 
primer (Synthesis 2, 0.955 mg, 0.965 umole; Synthesis 3, 0.191 
mg, 0.193 umole). The digests were again incubated at 35° and 
measurements were made as before. The results are given in 
Table II and Fig. 1. 


RESULTS 


In the present experiments, amyloses were synthesized from 
pure maltohexaose primer. The products were not isolated, 
but were examined for iodine-staining properties in the presence 
of the buffer salts, a-p-glucose 1-phosphate, etc., also present 
in the digest. These substances did not interfere with the stain. 
The iodine concentration used was that employed in the stand- 
ard conditions established and routinely used for determining 
and characterizing starch fractions (11). The conclusions and 
quantitative relationships reported here refer, therefore, to 
fractions stained under these standard conditions. The upper 
limit of DP! examined was 568 glucose units. This limit was 
imposed by the tendency of amyloses of high DP to retrograde 
from solution. To some extent the point at which retrograda- 
tion occurs is determined by the concentration of the amylose. 
For this reason it was necessary to perform three experiments, 
the first to cover the range DP 6 to 81 (Table I), the others the 
range DP 6 to 278 (Table II) and the range 6 to 568 (Table II). 
In this last experiment, the tendency of the high molecular 
weight amyloses to retrograde made the values for B.V. and 
P.V. (see below) unreliable, and only the values for the color 
and wave length of peak light absorption (Amax) are given, since 
these properties are not affected by retrogradation. A lower 
molar concentration of amylose was produced in the second and 


1The abbreviations used are: DP, degree of polymerization; 
B.V., blue value; P.V., peak value. 
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third experiments by reducing the amount of primer added to 
the synthesis. 

Four properties of the iodine stain were recorded, (a) the 
color, (6) B.V., (c) P.V., and (d) Amax. B.V. is defined as the 
optical density to light of wave length 680 my of a mixture of 1 
mg of polysaccharide, 2 mg of iodine, and 20 mg of potassium 
iodide per 100 ml of solution contained in a 4-cm cell (11). The 
ratio of optical density to polysaccharide concentration obeys 
Beer’s law, and B.V. may therefore be calculated from measure- 
ments made with concentrations of polysaccharide other than 
that specified. P.V. refers to the optical density at \max under 
conditions specified for B.V. determination. Fig. 1 shows the 
variation with DP of B.V., P.V., and Amax of the iodine-stained 
synthetic amyloses. 

Relationship between DP and X\maz—The colors of the iodine 
complexes are noted in Table I. Almost all the visual changes 
in color take place below DP 45 units. After passing the achroic 
point at average DP 12 (see below), the iodine color changes 
through brown, red, purple, and finally becomes blue at about 
DP 45, when Amax 18 at 570 mu. Thereafter Amax continues to 
rise, but no visible change in the quality of the color takes place. 
The threshold value of Amax at DP 12 is 490 my, almost the same 
as for rabbit liver glycogen, the sample of glycogen tested having 
an average unit-chain DP of 13 glucose units. Between DP 12 
and DP 50, Amax increases in linear fashion; thereafter the rate 
of increase drops and attains another steady value. The data 
in Table II and projection of the curve in Fig. 1 show that Amax 
of 645 my is not attained before DP 350 to 400. This value of 
Amax iS that found for natural potato amylose. 

Relationship between DP and B.V.—From the apparent achroic 
point at DP 12, the B.V. rises regularly and rapidly with chain 
length in the range of DP from 12 to 70 (Fig. 1). The rate of 
increase then falls abruptly and attains a new steady value. 
Projection of this part of the curve shows that B.V. 1.4, the 
minimal value found for natural potato amylose, is not reached 
until the polymer has a length of 400 glucose units. The DP 
of potato amylose is of the order of several thousand (12). The 
iodine-staining qualities of an amylose of DP several hundred 
units thus differ little from those of one with several thousand 
units. In this range of DP, therefore, B.V. and Amax are very 
insensitive indexes of molecular size. This is of importance in 
relation to attempts to interpret the mechanism of enzymatic 
degradation of amylose, in which iodine-staining properties of 
the products have been used as a guide to molecular size (see (13) 
for a more full discussion). 

Relationship between DP and P.V.—A striking feature of the 
relationship between P.V. and DP (Fig. 1) is the rapid increase 
in P.V. from the achroic point of average DP 12 to close to its 
maximal value at an average DP of only 30 units. Since the 
P.V. is a measure of the extinction coefficient of the polysac- 
charide-iodine complex, we have interpreted this to mean that 
in the range of average DP 12 units to average DP 30 units, an 
increasing proportion of the total polysaccharide present be- 
comes iodine-staining (t.e. the chains pass a minimal length 
necessary for formation of a visible complex with iodine at the 
standard iodine concentration). 

Determination of Minimal DP Necessary for Iodine-staining— 
To determine the minimal DP for iodine-staining, it is not suffi- 
cient to note merely the lowest average DP at which an iodine 
stain is first visible, since at this average DP, a considerable 
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proportion of the chains in the distribution have a greater length 
than the average. 

Since the phosphorylase-catalyzed synthesis of amylose has 
been shown (2) to involve the completely random addition of 
glucose units to all available priming ends (multichain synthesis), 
the resulting polymer which is built up will be one in which the 
various molecules will be present in a Poisson distribution (4). 
The form of this distribution may be calculated from the formula: 


pt 
x! 


where P, is the fraction of the priming molecules which have had 
x glucose units added, when v is the average number of glucose 
units added per priming molecule. Thus, for example, when the 
average DP of the synthetic polymer was 12 units, (the point 
at which an iodine stain first became visible), 20% of the mole- 
cules in the distribution had DP 18 units or more. The propor- 
tion of the polysaccharide which was iodine-staining, and hence 
had passed the minimal DP, was determined for different integral 
average values of DP by plotting the curve of percentage of 
maximal P.V. against average DP as shown in Fig. 2. A series 
of distributions of DP for different average values of DP was 
now calculated by the Poisson formula given above. Since 
intensity of iodine stain is dependent upon the weight of polysac- 
charide rather than its molar concentration, these distributions 
were corrected by the different weight factors for the polymers 
in the distribution. 

A family of curves was now obtained by plotting average DP 
against percentage of chains (by weight) in the distribution 
which were greater than x units, where z ranged from 10 to 27 
units. These were compared with the experimentally deter- 
mined curve. The curve of best fit was that given by the 18- 
unit polymer. Thus at average DP 17 units, 50% of the poly- 
saccharide was iodine-staining, and at this average DP, 50% 
by weight of the distribution consisted of chains of 18 units or 
greater. It is concluded, therefore, that under the standard 
conditions, 18 glucose units is the minimum necessary for forma- 
tion of an iodine complex having a visible stain. 

Determination of Minimal DP for Optimal Iodine-staining— 
The form of the B.V./DP curve shown in Fig. 1, with the rela- 
tively sharp inflexion between 60 and 80 glucose units and the 
subsequent linear but slow increase in B.V. with DP, suggests 
that there may be some optimal DP reached around this point. 
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Fig. 2. Relationship of peak value (P.V.) to average chain 
length of amyloses during early stages of synthesis. 
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If the second part of the B.Y./DP curve (i.e. that beyond 80 
units) is produced backwards, it intersects the portion of the 
curve with steep slope (2.e. that below 60 units) at DP 72. (Note 
also that it cuts the axis of zero B.V.at DP 18.) The significance 
of the inflexion at DP 72 was analyzed by plotting Poisson dis- 
tributions for polymers with average values of DP in this range. 
The following conclusions were reached: (a) B.V. is a linear 
function of DP in the region 18 to 72 units. (6) At DP 72 there 
is a sharp inflexion. The B.V. then continues to increase in a 
regular manner, but at a rate which is only 5% of the initial 
rate. The shape of the experimentally determined curve, 2.e. 
the divergence from linearity which begins at about average DP 
48, is due to the following effects. Up to DP 48 the B.V. in- 
creases linearly with DP until some of the chains in the distribu- 
tion begin to pass 72 units. The experimental curve then falls 
below the true curve? and does not meet it again until all the 
chains in the distribution have passed DP 72. For example, in 
a synthetic amylose having average DP 77, about 25% of the 
chains are still less than 72 units in length. All the chains in 
the distribution will not exceed 72 units until the average DP 
is about 100 units. This was the point at which the experi- 
mental curve then achieved the second phase of linearity. 


DISCUSSION 


The most recent theory as to the nature of the complex which 
starch forms with iodine has developed from preliminary observa- 
tions by Hanes (14) on the decrease in the iodine color of starch 
during enzymatic degradation. On the basis of these results, 
Hanes postulated that a coil of 6 glucose units was necessary 
for the display of iodine-staining properties, and that the amylose 
chain was coiled in solution, giving a long spiral. Each: turn 
of this spiral contained 6 glucose units, and the iodine molecules 
lay in the interior. The suggestion was adopted and extended 
by Freudenberg et al. (15), who showed by means of models that 
the amylose molecule could exist in the form of a helical spiral 
with each turn of the helix containing 6 glucose units, and that 
the interior of the helix had a “hydrocarbon lining” due to the 
inward-pointing hydrogen atoms of the glucose units. The 
stain given with iodine was attributed to this lining, by analogy 
with the purple color which iodine displays in hydrocarbon 
solvents. Further confirmation of the helical structure was 
given by the work of Bates, French, and Rundle (16). By using 
a potentiometric technique, they were able to show that natural 
amyloses bind iodine strongly, and in amounts up to 21% by 
weight, corresponding to 6 glucose units for each iodine atom. 
X-ray diffraction studies were in agreement with the helical 
structure, with the iodine molecules arranged along the spiral 
with their axes along its major axis. 

Gilbert and Marriot (17) examined the complex formed be- 
tween amylose and iodine in dilute potassium iodide solution, 
the conditions used here for determination of B.V. They found 
that the blue color given by amylose was well developed when 
ions of the type 3I.-2I- were present. They considered that 
such ions were probably present in a linear resonating form, and 
that the red complexes which were formed by shorter chains were 
due to their inability to stabilize an ion of this size. On the 
basis of these results, it would seem that the large increase in 
B.V. which occurs in the region DP 18 to 72, represents the 


2 By the true curve is meant the relationship which would be 
obtained with monomolecular amyloses. 
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building up of such a linear stable complex through various 
resonating ions, until an ion of optimal stability is reached. 

One of the most important factors determining iodine stain 
in the low molecular weight region is iodine concentration. For 
example, the B.V. of a maltodextrin fraction of average DP 24 
was increased 50% in intensity by a 10-fold increase in iodine 
concentration over the standard concentration used in our 
experiments. When the dextrin was hydrolyzed by acid to 
about half its original size, the B.V. fell to a small fraction of its 
original value, but now increased 3-fold by a similar increase in 
iodine concentration (18). Similarly, structural factors are 
important. The cyclic Schardinger dextrins containing only 
5 to 8 glucose units will stain with iodine vapor when they are 
in the crystalline form. In addition, the iodine stain of a sample 
of liver glycogen was increased 20-fold by the 10-fold increase 
in iodine concentration, whereas that of a sample of heart glyco- 
gen from the same animal was only increased 6-fold (18). It 
seems that adsorption phenomena, in addition to the specific 
method of complexing discussed above, are responsible for these 
effects. In experiments in which branch linkages were intro- 
duced into the synthetic amylose molecules by the action of Q 
enzyme, it is known that the ability to form iodine complexes is 
very much decreased. The results of these experiments have 
been of considerable assistance in interpreting the structures of 
some of the naturally occurring branched polymers, and will be 
reported elsewhere. 


SUMMARY 


1. Synthetic amyloses of average degree of polymerization in 
the range 6 to 568 glucose units were prepared by an enzymatic 
method. The iodine-staining properties have been examined 
in terms of color, intensity of stain (“blue value’’), and wave 
length of peak light absorption. 

2. Under the standard conditions used, the chains become 
iodine-staining when they are 18 units long. Thereafter the 
“blue value” increases rapidly and linearly with chain length 
until the chains are about 72 units in length. From this point 
the rate of increase falls to about 5% of the initial value. The 
‘‘blue value” of naturally occurring amyloses is not reached until 
the chains exceed 400 units. 

3. The results are discussed in terms of possible structures 
for the starch-iodine complex. 


Acknowledgment—We are grateful to Professor Stanley Peat, 
F.R.S., for his advice and encouragement. 
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On an anatomical basis, cornea may be divided into three 
major parts: the fibrous stroma, the overlying epithelium, and 
endothelium. Epithelial and endothelial cells contribute ap- 
proximately 20% of the total wet weight of beef cornea, and 
their integrity is essential for stromal maintenance (1). Of the 
three major parts of cornea, epithelial cells have the highest 
oxygen consumption that can be compared with that of liver 
(1). In agreement with the high oxygen consumption, the 
quantitation of glycolytic enzymes in cornea has shown higher 
activities in the epithelium than in the stroma (2, 3). A recent 
study has shown that all parts of beef cornea contain phenol 
sulfotransferase, which is also more active in the epithelium than 
in the stroma (4). 

Gregory and Lipmann (5) suggested that phenol sulfotrans- 
ferase might be coupled with other sulfotransferases so that it 
would act as a feeder system which could be assayed spectro- 
photometrically. When phenol and steroid sulfotransferases 
were tested as a coupled enzyme system, no transfer of sulfate 
to a steroid acceptor was detected because of an inhibitory effect 
of 3’-phosphoadenosine 5’-phosphate. Nevertheless, this mecha- 
nism cannot be eliminated as a feasible assay procedure. Its 
successful use would facilitate the characterization of sulfotrans- 
ferases. 

The present communication demonstrates the presence of 
phenol and mucopolysaccharide sulfotransferase activities in 
beef cornea epithelial extract. Furthermore, it reopens the 
possibility of using phenol sulfotransferase as a feeder system 
for the assay and characterization of mucopolysaccharide sulfo- 
transferase. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Preparation of Beef Cornea Epithelial Extract—Epithelial cells 
were scraped from fresh beef corneas and homogenized in 4 vol- 
umes (weight per volume) of 0.005 m Tris-HCl, pH 7.4, and 
centrifuged for 1 hour at 34,800 x g. The supernatant fluid 
was dialyzed for 1 hour against 0.005 m phosphate buffer, pH 
6.8-0.5 mm EDTA.! At the end of the dialysis period, the ex- 
tract was analyzed for protein concentration (6) and stored in 
small aliquots at —20°. Some preparations were stored without 


* This study was supported in part by research grant B-1911 
and Special Fellowship BT-613 from the National Institute of 
Neurological Diseases and Blindness, United States Public Health 
Service. 

‘The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; PAP, 3’-phosphoadenosine 5’-phosphate; and PAPS, 
3’-phosphoadenosine 5’-phosphosulfate. 


dialysis. All operations were conducted in the cold (0-4°), un- 
less otherwise stated. 

Isolation of Beef Corneal Mucopolysaccharides—Previously 
described methods were employed to isolate and purify corneal 
mucopolysaccharides (7). No attempt was made to separate 
the various types of mucopolysaccharides present in beef cornea, 
and therefore the isolated mixture was used as the sulfate ac- 
ceptor in the present study.’ 

Chemicals—p-Nitropheny]! sulfate and p-nitrophenol were ob- 
tained from Sigma Chemical Company. PAP was present as a 
2% contaminant in ADP lot 602 from Pabst Laboratories (5). 
p-Nitrophenyl sulfate-S** was synthesized enzymically from 
p-nitrophenol and inorganic sulfate-S** (obtained from Oak 
Ridge National Laboratories as carrier-free H2SO,-S**); beef 
corneal extract served as the source of phenol sulfotransferase 
and the sulfate-activating system (8). p-Nitropheny] sulfate- 
S*5 was separated from incubation mixtures by paper electro- 
phoresis and chromatography. The product was eluted from 
the paper with water, and the radioactivity of the solution of 
p-nitrophenyl! sulfate-S** so obtained was determined by spotting 
an aliquot on Whatman No. 3 MM paper and measuring the 
radioactivity on the paper. No correction was made for absorp- 
tion of radioactivity by the paper. The concentration of p-ni- 
tropheny] sulfate was determined indirectly by the spectrophoto- 
metric measurement of p-nitrophenol at 400 my after hydrolysis 
of an aliquot of the p-nitrophenyl! sulfate-S** in 1 N HCl for 10 
minutes at 100°. As measured by this procedure, the product 
contained 29 x 10° c.p.m. per mumole of p-nitrophenyl] sulfate. 

Sulfotransferase Assay—The following reaction sequence is 
presented as the basis of the assay procedure used in this study: 


Phenol Sulfotransferase— 
p-Nitropheny! sulfate + PAP — p-nitrophenol + PAPS 


Mucopolysaccharide Sulfotransferase— 


PAPS + corneal mucopolysaccharides — 
‘‘sulfated’’ corneal mucopolysaccharides + PAP 


The transfer of sulfate is followed by the appearance of p-nitro- 
phenol from p-nitrophenyl sulfate. The absence of PAP and 
corneal mucopolysaccharides is rate-limiting in the above reac- 
tions. Some characteristics of the sulfotransferases in beef 
cornea epithelial extract were studied, and the assay was based 
on the quantitative measurement of p-nitrophenol. At the end 


2 The preparation of corneal mucopolysaccharides contained: 
hexuronic acid as glucuronic acid, 16.2%; hexosamine as glucos- 
amine HCl, 27.7%. 
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of a given incubation reaction which varied with the experi- 
mental design, strong alkali was added and the optical density 
recorded at 400 mu. The amount of p-nitrophenol formed from 
p-nitrophenyl! sulfate during the enzymic transfer of sulfate was 
calculated from p-nitrophenol standards carried throughout all 
experimental procedures. 

Paper Electrophcresis and Chromatography—Incubation reac- 
tions designed to demonstrate the enzymic transfer of sulfate-S** 
were applied to Whatman No. 3MM paper sheets in either 
spots or bands. Descending chromatography was conducted 
in ethanol-ammonium acetate solvent, pH 7.4, at room tem- 
perature (9). Horizontal paper electrophoresis was conducted 
in 0.05 M citrate buffer, pH 4.5, at a gradient of approximately 
12 volts per em for 2 to 3 hours in the cold. 

Localization and Measurement of Radioactivity—The presence 
of radioactivity was detected by the following procedures. The 
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Fic. 1. Radioautograph of paper electrophoresis after incuba- 
tion of beef epithelial extract with inorganic sulfate-S*5. Incuba- 
tion mixtures contained: 14 ywmoles of 2-mercaptoethanol; 2.69 
umoles of MgCl:; 4.95 wmoles of ATP; 20.3 uwmoles of Tris-HCl, 
pH 7.9; 0.23 we of inorganic sulfate-S*, in a total volume of 434 
ul. After incubation for 0, 1, and 2 hours at 38°, 100 ul aliquots 
were applied to Whatman No. 3 MM paper and electrophoresis 
conducted as described in text. The radioautograph was devel- 
oped after 2 hours of contact with Kodak Blue Brand x-ray film. 
Dark spots represent areas of radioactivity; solid lines enclose 
ultraviolet-quenching areas; diagonal lines show the metachro- 
matic area after toluidine blue staining. 
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TABLE I 


Acid stability of sulfate-S**-containing substances synthesized 
by beef and rabbit corneal extracts 


Extract* 


Time in 0.1 N Beef Rabbit 
Cl at 38° 


‘Epithelium | Stroma | a. 


Epitheli | 
endothelium 


Stroma 


0 100 | 100 | 100 100 

5 53 55 
15 36 23 26 
20 | 23 18 21 
25 17 14 
30 42 | 18 | | | 14 


* Incubation mixtures contained in a total volume of 432 ul: 
14 umoles of 2-mercaptoethanol ; 2.69 umoles of MgCl:; 4.95 wmoles 
of ATP; 10.1 wmoles of Tris-HCl, pH 7.65; inorganic sulfate-S*5 
(17.7 X 10° ¢.p.m.); and protein content as follows: beef cornea 
epithelium, 3.83 mg; stroma, 0.78 mg; endothelium, 0.67 mg; and 
rabbit cornea epithelium-endothelium, 2.22 mg; stroma, 0.78 mg. 
At the end of 3 hours at 38°, incubation mixtures were subjected 
to paper electrophoresis and radioautography as described in 
text. 

+t The radioactive material with an electrophoretic mobility of 
chondroitin sulfate (as in Fig. 1) was eluted from the paper and 
incubated in 0.1 N HC] at 38°. Aliquots (101 wl) were withdrawn 
at various time intervals and mixed with 0.2 ml of a 10% water 
suspension of Dareco KB. The charcoal was washed 3 times 
with 0.1 N H2SO, and radioactivity detected as described in text. 


localization of radioactive substances on paper after electro- 
phoresis and chromatography, as described above, was accom- 
plished by direct contact with Kodak Blue Brand x-ray film for 
several hours. After the radioactive substances were located, 
an area of the paper containing the radioactivity was either 
counted directly or eluted with water, and an aliquot of the 
radioactive solution was counted. A sufficient number of 
counts was accumulated with a thin window gas flow detector 
(Nuclear-Chicago) so that the counting error was less than 3%; 
all experimental values were corrected for background counts. 


RESULTS 


Acid Stability of Sulfate-S**-containing Substances with Electro- 
phoretic Mobility of Chondroitin Sulfate—Extracts of epithelium, 
stroma, and endothelium from beef and rabbit corneas were 
found to synthesize a sulfate-S**-containing substance with an 
electrophoretic mobility similar to that of authentic chondroitin 
sulfate. In this respect, extracts from the corneas of both 
species were similar; the results obtained with beef cornea epi- 
thelial extract are shown in Fig. 1. Approximately 50% of the 
S*5 was hydrolyzed in 5 to 10 minutes in 0.1 N HCl at 38° (Ta- 
ble I). In the case of beef cornea epithelial extract, approxi- 
mately 44% of the sulfate-S**-containing substance remains 
charcoal-adsorbable after acid treatment. These data indicate 
that beef cornea epithelial extracts can synthesize a mixture of 
sulfate-S**-containing compounds which demonstrate similar 
electrophoretic mobilities. 

Transfer of Sulfate-S*> from p-Nitrophenyl Sulfate-S** to Cor- 
neal Mucopolysaccharides—In the chromatographic solvent sys- 
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TABLE II 


Transfer of sulfate-S*> from p-nitrophenyl sulfate-S** to corneal 
mucopolysaccharides by beef cornea epithelial extract 


Incubation * | Radioactivity | 
| c. p.m. % 
1. Complete system, 3 hours at 38°. . 542 | 6.9 | 14 
2. Complete system, 3 hours at 0-4°. 66 0.8 Of 
3. Corneal mucopolysaccharides | | 
omitted, 3 hours at 38°........... | 24 | 0.3 Ot 
4. Boiled extract 3 hours at 38°...... | 21 | 0.2 Ot 


* Incubation mixtures contained: 39 ywmoles of phosphate 
buffer, pH 7.8; 1.29 mg of corneal mucopolysaccharides; 497 ug 
of extract protein; and 0.1 mumole of p-nitrophenyl sulfate-S*>, 
in a total volume of 251 wl. At the end of the incubation period, 
reaction mixtures were boiled for 3 minutes and chromatographed 
on paper as described in text. 

t Radioactivity on a 2-cm diameter circle at the origin of the 
chromatograph was detected; recovery of S**O,> at the origin was 
based on activity of the p-nitrophenyl! sulfate-S** solution meas- 
ured under conditions described in text. 

t Less than 2%. 
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Fic. 2. Effect of beef epithelial extract protein concentration 
on sulfate transfer. X Xx, complete system; O——O, corneal 
mucopolysaccharides omitted; @——@, PAP omitted. (a) In- 
cubation mixtures contained: 19.4 uwmoles of phosphate buffer, 
pH 6.9; 54.8 mumoles of p-nitrophenyl sulfate; 0.2 myumole of 
PAP; 393 wg of corneal mucopolysaccharides; varying amounts 
of beef cornea epithelial extract protein. After incubation for 
2 hours at 38°, 6 wl of 5N NaOH were added and the optical density 
at 400 my recorded. (6b) NaF was added to all incubations to a 
concentration of 2.1 mm. (c) Beef cornea epithelial extract, 1 
ml, was dialyzed against 3 liters of 0.005 m phosphate buffer, pH 
6.7-0.5 mm EDTA for 1 hour and assayed as in Fig. 2a. The ab- 
breviation used in the figures is: NP, nitrophenol. 
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tem used, the following Ry values were observed: authentic 
chondroitin sulfate, corneal mucopolysaccharides, or both, 0.0 
with slight streaking; inorganic sulfate-S**, 0.4; and p-nitro- 
pheny! sulfate-S**, 0.8. The substance remaining at the origin 
contained sulfate-S** when fresh extract and corneal mucopoly- 
saccharides were present in incubation mixtures (Table I). 
The extract used in this experiment was not dialyzed and did 
not show a PAP dependency until aged at —20° for several 
weeks. 

Effect of Increasing Extract Protein Concentration—The ap- 
pearance of p-nitrophenol is shown to be dependent on the pres- 
ence of corneal mucopolysaccharides. The addition of PAP at 
the lower concentration of extract protein produced some in- 
hibition in the appearance of p-nitrophenol (Fig. 2a) Increased 
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activity in the absence of added PAP demonstrates that an ade- 
quate amount of PAP is present in the extract for sulfotrans- 
ferase activity to manifest itself. At the highest concentration 
of extract protein, the activity was the same with or without 
added PAP. NaF caused an inhibition of appearance of p-ni- 
trophenol at the highest extract protein concentration in the 
system containing exogenous PAP and an inhibition in the sys- 
tem not receiving added PAP at the lower protein level (Fig. 
2b). Dialysis of epithelial extract in the presence of EDTA 
results in the removal of some PAP and divalent cation acti- 
vators, e.g. Mg** (Fig. 2c). A short period of dialysis is neces- 
sary because of an inactivation of phenol sulfotransferase with 
dialysis periods greater than 2 hours. After dialysis, a greater 
PAP and corneal mucopolysaccharide dependence was found, 
although there remains some increased activity at the higher 
extract protein concentration in the absence of added PAP. It 
was not always possible to remove endogenous PAP during 
short periods of dialysis. 

ffect of PAP and Corneal Mucopolysaccharide Concentration— 
The endogenous concentration of PAP is at saturation levels for 
phenol sulfotransferase. As more PAP is added to the incuba- 
tion, an inhibitory level is reached, until at approximately 5 
uM exogenous PAP, only phenol sulfotransferase is functional, 
and the dependence on corneal mucopolysaccharides is no longer 
evident (Fig. 3a). 

The addition of increasing amounts of corneal mucopolysac- 
charides to incubations showed that in the PAP-dependent 
transfer of sulfate, corneal mucopolysaccharides appear to have 
an optimal concentration in excess of 4 wg per ul of incubation 
volume (Fig. 30). 

Effect of Incubation Time—In the absence of exogenous PAP, 
the production of p-nitrophenol dependent on corneal muco- 
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Fic. 3. Symbols are as in Fig. 2. (a) Effeet of PAP concentra- 
tion on sulfate transfer. Incubation mixtures contained: 19.4 
pmoles of phosphate buffer, pH 6.9; 54.8 mumoles of p-nitrophenyl 
sulfate; 226 wg of corneal mucopolysaccharides; 192.5 ug of beef 
cornea epithelial extract protein; varying concentrations of PAP. 
After incubation for 2 hours at 38°, 6 wl of 5 N NaOH were added 
and the optical density at 400 my recorded. (b) Effect of corneal 
mucopolysaccharide concentration on sulfate transfer. Incuba- 
tion mixtures contained: 19.5 wmoles of phosphate buffer, pH 
6.9; 55 myumoles of p-nitrophenyl sulfate; 0.2 mymole of PAP; 
192 wg of beef cornea epithelial extract protein; varying concen- 
tration of corneal mucopolysaccharides (CM). After incubation 
for 6 hours at 38°, 6 wl of 5 N NaOH were added and the optical 


density at 400 mu recorded. 
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polysaccharides proceeds at a rapid rate for the first hour and 
then at a lower rate for the remaining time (Fig. 4a). In the 
presence of exogenous PAP, a delay of 1 hour was followed by a 
rate almost equal to that of the system without added PAP. 
In the presence of fluoride, the addition of PAP produced slight 
additional effect until after the first hour, at which time exoge- 
nous PAP appeared to have a slight stimulatory effect (Fig. 45). 

pH-Activity Curves—At pH values greater than 6.9, there was 
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Fig. 4. Symbols are as in Fig. 2. (a) Effect of incubation time 
on sulfate transfer. (b) Effect of NaF on incubation time. In- 
cubation mixtures contained: 18.8 umoles of phosphate buffer, 
pH 6.9; 52.9 mumoles of p-nitrophenyl sulfate; 188 ug of beef 
cornea epithelial extract protein; 0.2 mumole of PAP; 227 yg of 
corneal mucopolysaccharides. NaF was added to a final con- 
centration of 2.4 mm. After incubation for 0, 1, 2, and 3 hours 
at 38°, 6 wl of 5 Nn NaOH were added and the optical density at 
400 my recorded. 


mumoles NP/I21.5u£ 


pH 

Fig. 5. Effect of pH on sulfate transfer. Symbols are as in 
Fig. 2, also, A——A, corneal mucopolysaccharide and PAP 
omitted; ©, where @ and O overlap. Incubation mixtures con- 
tained: 19.5 umoles of phosphate buffer, at pH shown; 55 myumoles 
of p-nitrophenyl] sulfate; 560 ug of corneal mucopolysaccharides; 
0.2 mumole of PAP; 237.5 ug of beef corneal epithelial extract 
protein. After incubation for 2 hours at 38°, 6 ul of 5 Nn NaOH 
were added, and the optical density at 400 my was recorded. 
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regards the mechanism of synthesis in vivo of corneal mucopoly- 


no detectable hydrolysis of p-nitrophenyl sulfate because of 
arylsulfatase activity (Fig. 5). At lower pH values, arylsulfa- 
tase activity is noted. In beef cornea epithelial extract, phenol 
sulfotransferase has its pH optimum between 7.0 and 7.2. 
Higher activity for the system dependent on corneal mucopoly- 
saccharides was observed between 7.6 and 8.0, although most of 
the data reported in the present study were obtained at pH 6.9. 
At lower pH values, PAP dependency disappears, and the ap- 
pearance of p-nitrophenol seems to be dependent on corneal 
mucopolysaccharides and possibly related to arylsulfatase ac- 
tivity. 


DISCUSSION 


When the earlier observations were made (4), no obvious 
physiological function could be suggested for phenol sulfotrans- 
ferase in beef cornea as could be in liver where it may serve to 
detoxify phenolic compounds (10). The existence of PAP, and 
of phenol and mucopolysaccharide sulfotransferases in_ beef 
cornea epithelium is strongly suggestive of their physiological 
role in the synthesis of sulfated mucopolysaccharides. Previ- 
ous studies of inorganic sulfate-S** incorporation have shown 
that rabbit corneal stroma is almost completely dependent upon 
an intact epithelium for incorporation of inorganic sulfate-S*, 
but beef stroma is not (4). Additional species differences were 
found during a preliminary study of the sulfate-activating sys- 
tem (8) in extracts of parts of beef and rabbit corneas. The 
sulfated material synthesized by beef epithelial extract was 
probably a mixture of PAPS and sulfated mucopolysaccharides 
or some other sulfated polymer. These observations could 
also mean differences in the sulfation mechanism or in the dis- 
tribution and in the concentration of necessary enzymic com- 
ponents in parts of corneas of these two species. 

The present communication offers no specific information as 


saccharides or at which site or stage of polymerization sulfate 
may be added or exchanged. The measurement of p-nitro- 
phenol and the recovery of sulfate-S** from p-nitrophenyl sul- 
fate-S** in a substance with a chromatographic FR, similar to 
that of corneal mucopolysaccharides are not the proof of an 
enzymic transfer of sulfate. Nevertheless, corneal mucopoly- 
saccharides are necessary for the appearance of p-nitrophenol 
from p-nitrophenyl sulfate. These facts strengthen the inter- 
pretation of the data to suggest an enzymic transfer of sulfate 
from p-nitrophenyl sulfate to corneal mucopolysaccharides via 
phenol and mucopolysaccharide sulfotransferases. 

Measurement of mucopolysaccharide sulfotransferase is com- 
plicated by the presence of relatively large amounts of PAP in 
epithelial extracts. It is estimated that beef cornea epithelium 
contains at least 68 mumoles of PAP per g of wet weight of 
tissue or almost 4 times as much as that reported for liver (5). 
PAP concentration of 2 um has been reported as the saturation 
level for phenol sulfotransferase, whereas concentrations above 
20 uM are inhibitory (11). Mucopolysaccharide sulfotransferase 
is inhibited by a much lower level of PAP than is phenol sulfo- 
transferase (see Fig. 3a). It was estimated that incubation 
mixtures in the present study contained approximately 2 um 
endogenous PAP. Inasmuch as phenol sulfotransferase will 
function with PAP concentrations as low as 0.2 um (11), PAP 
dependency is not always as evident as is the dependency on cor- 


3B. Wortman, unpublished observations. 
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TABLE II 


Transfer of sulfate-S*® from p-nitrophenyl sulfate-S**> to corneal 
mucopolysaccharides by beef cornea epithelial extract 


| Radioactivity | $#O4= incorpo- 


Incubation* ratedt 
| c. p.m. upmoles % 
1. Complete system, 3 hours at 38°... 542 14 
2. Complete system, 3 hours at 0-4°. “oe 
3. Corneal mucopolysaccharides | | 
omitted, 3 hours at 38°........... 24 | 0.3 | Of 
4. Boiled extract 3 hours at 38°..... | 21 | 0.3 | Ot 


* Incubation mixtures contained: 39 ywmoles of phosphate 
buffer, pH 7.8; 1.29 mg of corneal mucopolysaccharides; 497 ug 
of extract protein; and 0.1 mumole of p-nitrophenyl! sulfate-S*>, 
in a total volume of 251 wl. At the end of the incubation period, 
reaction mixtures were boiled for 3 minutes and chromatographed 
on paper as described in text. 

t Radioactivity on a 2-em diameter circle at the origin of the 
chromatograph was detected; recovery of S**O,- at the origin was 
based on activity of the p-nitrophenyl! sulfate-S** solution meas- 
ured under conditions described in text. 

t Less than 2%. 
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Fic. 2. Effect of beef epithelial extract protein concentration 
on sulfate transfer. X X, complete system; O——O, corneal 
mucopolysaccharides omitted; @——@, PAP omitted. (a) In- 
cubation mixtures contained: 19.4 wmoles of phosphate buffer, 
pH 6.9; 54.8 mumoles of p-nitrophenyl sulfate; 0.2 mumole of 
PAP; 393 wg of corneal mucopolysaccharides; varying amounts 
of beef cornea epithelial extract protein. After incubation for 
2 hours at 38°, 6 wl of 5N NaOH were added and the optical density 
at 400 mu recorded. (b) NaF was added to all incubations to a 
concentration of 2.1 mm. (c) Beef cornea epithelial extract, 1 
ml, was dialyzed against 3 liters of 0.005 Mm phosphate buffer, pH 
6.7-0.5 mm EDTA for 1 hour and assaved as in Fig. 2a. The ab- 
breviation used in the figures is: NP, nitrophenol. 


tem used, the following Ry values were observed: authentic 
chondroitin sulfate, corneal mucopolysaccharides, or both, 0.0 
with -slight streaking; inorganic sulfate-S**, 0.4; and p-nitro- 
phenyl] sulfate-S**, 0.8. The substance remaining at the origin 
contained sulfate-S** when fresh extract and corneal mucopoly- 
saccharides were present in incubation mixtures (Table II). 
The extract used in this experiment was not dialyzed and did 
not show a PAP dependency until aged at —20° for several 
weeks. 

Effect of Increasing Extract Protein Concentration—The ap- 
pearance of p-nitrophenol is shown to be dependent on the pres- 
ence of corneal mucopolysaccharides. The addition of PAP at 
the lower concentration of extract protein produced some in- 
hibition in the appearance of p-nitrophenol (Fig. 2a) — Increased 
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activity in the absence of added PAP demonstrates that an ade- 
quate amount of PAP is present in the extract for sulfotrans- 
ferase activity to manifest itself. At the highest concentration 
of extract protein, the activity was the same with or without 
added PAP. NaF caused an inhibition of appearance of p-ni- 
trophenol at the highest extract protein concentration in the 
system containing exogenous PAP and an inhibition in the sys- 
tem not receiving added PAP at the lower protein level (Fig. 
26). Dialvsis of epithelial extract in the presence of EDTA 
results in the removal of some PAP and divalent cation acti- 
vators, e.g. Mg++ (Fig. 2c). A short period of dialysis is neces- 
sary because of an inactivation of phenol sulfotransferase with 
dialysis periods greater than 2 hours. After dialysis, a greater 
PAP and corneal mucopolysaccharide dependence was found, 
although there remains some increased activity at the higher 
extract protein concentration in the absence of added PAP. It 
was not always possible to remove endogenous PAP during 
short periods of dialysis. 

Effect of PAP and Corneal M ucopolysaccharide Concentration— 
The endogenous concentration of PAP is at saturation levels for 
phenol sulfotransferase. As more PAP is added to the incuba- 
tion, an inhibitory level is reached, until at approximately 5 
uM exogenous PAP, only phenol sulfotransferase is functional, 
and the dependence on corneal mucopolysaccharides is no longer 
evident (Fig. 3a). 

The addition of increasing amounts of corneal mucopolysac- 
charides to incubations showed that in the PAP-dependent 
transfer of sulfate, corneal mucopolysaccharides appear to have 
an optimal concentration in excess of 4 wg per ul of incubation 
volume (Fig. 36). 

Effect of Incubation Time—In the absence of exogenous PAP, 
the production of p-nitrophenol dependent on corneal muco- 
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Fig. 3. Svmbols are as in Fig. 2. (a) Effeet of PAP concentra- 
tion on sulfate transfer. Incubation mixtures contained: 19.4 
pmoles of phosphate buffer, pH 6.9; 54.8 mumoles of p-nitrophenyl 
sulfate; 226 wg of corneal mucopolysaccharides; 192.5 ug of beef 
cornea epithelial extract protein; varying concentrations of PAP. 
After incubation for 2 hours at 38°, 6 wl of 5 Nn NaOH were added 
and the optical density at 400 mu recorded. (b) Effect of corneal 
mucopolysaccharide concentration on sulfate transfer. Incuba- 
tion mixtures contained: 19.5 ymoles of phosphate buffer, pH 
6.9; 55 myumoles of p-nitrophenyl sulfate; 0.2 mumole of PAP; 
192 ug of beef cornea epithelial extract protein; varying concen- 
tration of corneal mucopolysaccharides (CM). After incubation 
for 6 hours at 38°, 6 wl of 5 N NaOH were added and the optical 


density at 400 my recorded. 
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polysaccharides proceeds at a rapid rate for the first hour and 
In the 
presence of exogenous PAP, a delay of 1 hour was followed by a 
rate almost equal to that of the system without added PAP. 
In the presence of fluoride, the addition of PAP produced slight 
additional effect until after the first hour, at which time exoge- 
nous PAP appeared to have a slight stimulatory effect (Fig. 45). 

pH-Activity Curves—At pH values greater than 6.9, there was 


then at a lower rate for the remaining time (Fig. 4a). 


mmoles NP / N4.9u£ 


HOURS AT 38° 


Fig. 4. Symbols are as in Fig. 2. (a) Effect of incubation time 
on sulfate transfer. (b) Effect of NaF on incubation time. In- 
cubation mixtures contained: 18.8 umoles of phosphate buffer, 
pH 6.9; 52.9 mumoles of p-nitrophenyl sulfate; 188 yg of beef 
cornea epithelial extract protein; 0.2 mumole of PAP; 227 ug of 
corneal mucopolysaccharides. NaF was added to a final con- 
centration of 2.4 mm. After incubation for 0, 1, 2, and 3 hours 
at 38°, 6 wl of 5 n NaOH were added and the optical density at 
400 mu recorded. 


mmoles NP/I21.5u£ 


6.3 6.7 

Fic. 5. Effect of pH on sulfate transfer. Symbols are as in 
Fig. 2, also, A——A, corneal mucopolysaccharide and PAP 
omitted; ©, where @ and © overlap. Incubation mixtures con- 
tained: 19.5 umoles of phosphate buffer, at pH shown; 55 myumoles 
of p-nitrophenyl] sulfate; 560 ug of corneal mucopolysaccharides; 
0.2 mumole of PAP; 237.5 ug of beef corneal epithelial extract 
protein. After incubation for 2 hours at 38°, 6 wl of 5 Nn NaOH 
were added, and the optical density at 400 my was recorded. 
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no detectable hydrolysis of p-nitrophenyl sulfate because of 
arylsulfatase activity (Fig. 5). At lower pH values, arylsulfa- 
tase activity is noted. In beef cornea epithelial extract, phenol 
sulfotransferase has its pH optimum between 7.0 and 7.2. 
Higher activity for the system dependent on corneal mucopoly- 
saccharides was observed between 7.6 and 8.0, although most of 
the data reported in the present study were obtained at pH 6.9. 
At lower pH values, PAP dependency disappears, and the ap- 
pearance of p-nitrophenol seems to be dependent on corneal 
mucopolysaccharides and possibly related to arylsulfatase ac- 
tivity. 


DISCUSSION 


When the earlier observations were made (4), no obvious 
physiological function could be suggested for phenol sulfotrans- 
ferase in beef cornea as could be in liver where it may serve to 
detoxify phenolic compounds (10). The existence of PAP, and 
of phenol and mucopolysaccharide sulfotransferases in beef 
cornea epithelium is strongly suggestive of their physiological 
role in the synthesis of sulfated mucopolysaccharides. Previ- 
ous studies of inorganic sulfate-S** incorporation have shown 
that rabbit corneal stroma is almost completely dependent upon 
an intact epithelium for incorporation of inorganic sulfate-S*, 
but beef stroma is not (4). Additional species differences were 
found during a preliminary study of the sulfate-activating sys- 
tem (8) in extracts of parts of beef and rabbit corneas. The 
sulfated material synthesized by beef epithelial extract was 
probably a mixture of PAPS and sulfated mucopolysaccharides 
or some other sulfated polymer. These observations could 
also mean differences in the sulfation mechanism or in the dis- 
tribution and in the concentration of necessary enzymic com- 
ponents in parts of corneas of these two species. 

The present communication offers no specific information as 
regards the mechanism of synthesis in vivo of corneal mucopoly- 
saccharides or at which site or stage of polymerization sulfate 
may be added or exchanged. The measurement of p-nitro- 
phenol and the recovery of sulfate-S** from p-nitrophenyl sul- 
fate-S** in a substance with a chromatographic Ry similar to 
that of corneal mucopolysaccharides are not the proof of an 
enzymic transfer of sulfate. Nevertheless, corneal mucopoly- 
saccharides are necessary for the appearance of p-nitrophenol 
from p-nitrophenyl sulfate. These facts strengthen the inter- 
pretation of the data to suggest an enzymic transfer of sulfate 
from p-nitrophenyl sulfate to corneal mucopolysaccharides via 
phenol and mucopolysaccharide sulfotransferases. | 

Measurement of mucopolysaccharide sulfotransferase is com- 
plicated by the presence of relatively large amounts of PAP in 
epithelial extracts. It is estimated that beef cornea epithelium 
contains at least 68 mumoles of PAP per g of wet weight of 
tissue or almost 4 times as much as that reported for liver (5). 
PAP concentration of 2 um has been reported as the saturation 
level for phenol sulfotransferase, whereas concentrations above 
20 uM are inhibitory (11). Mucopolysaccharide sulfotransferase 
is inhibited by a much lower level of PAP than is phenol sulfo- 
transferase (see Fig. 3a). It was estimated that incubation 
mixtures in the present study contained approximately 2 um 
endogenous PAP. Inasmuch as phenol sulfotransferase will 
function with PAP concentrations as low as 0.2 um (11), PAP 
dependency is not always as evident as is the dependency on cor- 


3B. Wortman, unpublished observations. 
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neal mucopolysaccharides for the appearance of p-nitrophenol 
from p-nitrophenyl sulfate. 

Suzuki and Strominger (12) have shown that chondroitin from 
beef cornea and chondroitin sulfate C produce the highest reac- 
tion rates when used as sulfate acceptors for mucopolysaccharide 
sulfotransferase in the hen oviduct. Chondroitin sulfate A 
demonstrated approximately one-half the maximal reaction 
velocity of the other two mucopolysaccharides, and keratosul- 
fate was inactive in that system. The various mucopolysaccha- 
rides present in beef corneal stroma were not tested individually 
as sulfate acceptors in the corneal system used in the present 
study. 
be investigated separately, it is assumed that the preparation 
used in the present study contained chondroitin, chondroitin 
sulfate A, and keratosulfate in the proportions of 1:1:2 (7). 
If keratosulfate also does not accept sulfate in the corneal sys- 
tem, then less than 50% of the dry weight of corneal mucopoly- 
saccharides would function as a sulfate acceptor. Chondroitin 
and chondroitin sulfate A functioned maximally in concentra- 
tions of approximately 1.5 and 1 ug per ul of incubation volume, 
respectively, in the hen oviduct system. It is interesting to 
note that the preparation of corneal mucopolysaccharides ap- 
proaches a maximal reaction velocity when used as an acceptor 
in concentrations in excess of 4 ug per ul of incubation volume. 
If chondroitin were the only active sulfate acceptor in the cor- 
neal system, then 4 ug of corneal mucopolysaccharides per yl 
of incubation volume would represent approximately 1 yg of 
active acceptor compound per ul of incubation volume. 

Beef cornea is known to contain arylsulfatases existing in 
multiple forms which can be inhibited by KH2PO, and by NaF 
(13). 
because of its inhibitory action on sulfatases. An interesting 
phenomenon can be observed at lower pH values which approach 
the optimal range of arylsulfatase. At pH values of less than 
6.7, an increased content of corneal mucopolysaccharides in the 
reaction mixtures stimulated the appearance of p-nitrophenol 
from p-nitrophenyl! sulfate and the dependency on PAP was no 
longer evident (see Fig. 5). Current searches for a function 
in vivo for arylsulfatases are in progress in other laboratories 
(14). Except for the transfer of sulfate to water, arylsulfatases 
have not been found capable of transferring inorganic sulfate 
from p-nitrophenyl sulfate to acceptor compounds, such as 
polysaccharides (15). Such possible functions for arylsulfatases 
in beef cornea merit further consideration. 


SUMMARY 


1. Phenol and mucopolysaccharide sulfotransferase activities 
have been demonstrated in beef cornea epithelial extract. These 


Sulfation of Corneal M ucopolysaccharides 


Until the individual corneal mucopolysaccharides can 


In the present study, phosphate buffer was used routinely — 
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enzymes have been coupled to serve as an assay procedure for 
the study of the latter enzyme. 

2. Beef cornea epithelial extract was used to synthesize a 
sulfate-S**-containing substance with the same electrophoretic 
and chromatographic mobility as authentic chondroitin sulfate. 

3. The dependency on corneal mucopolysaccharides for the 
appearance of p-nitrophenol from p-nitropheny] sulfate is evi- 
dent from the data. Under certain experimental conditions, a 
dependency on 3’-phosphoadenosine 5’-phosphate can be shown. 
3’-Phosphoadenosine 5’-phosphate is inhibitory to mucopoly- 
saccharide sulfotransferase at approximately 5 um. Beef cornea 
epithelium contains a relatively large amount of 3’-phospho- 
adenosine 5’-phosphate which can be partially removed by 
dialysis. 

4. Phenol and mucopolysaccharide sulfotransferase demon- 
strated pH optima at approximately 7.0 and 7.8, respectively. 
NaF and KH.2PO, were used as inhibitors of nucleotidase and 
sulfatase. 

5. Beef cornea epithelial extracts also contain sulfate-activat- 
ing enzymes which were not separated from sulfotransferases in 


this study. 
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A number of studies have brought out the fact that in scurvy 
carbohydrate metabolism is greatly disturbed. Diminished glu- 
cose tolerance (1, 2) and decrease in glycogen levels in liver and 
muscle (2, 3) were observed in scorbutic guinea pigs. Banerjee 
and Ghosh (3, 4) reported that the abnormal carbohydrate me- 
tabolism was associated with diminished production of insulin 
during scurvy. Ganguli and Roy (5) observed a diminished 
level of phosphorylated intermediates of the glycolytic cycle in 
liver tissue of scorbutic guinea pigs. The changes in phos- 
phorylation and dephosphorylation processes altered the in- 
organic phosphate content of tissue in scurvy. A similar obser- 
vation was also reported by Lahiri and Banerjee (6). 

A disturbed operation of the tricarboxylic acid cycle in scurvy 
was reported by Banerjee et al. (7, 8). Guchhait and Ganguli 
(9) also observed that the oxidation of acetate-1-C'4 and acetate- 
2-C'™ to CO2 by liver slices from scorbutic guinea pigs was 
depressed compared to their pair-fed control partners. 

Regarding the hepatic glycolytic enzyme activities in scurvy, 
hexokinase activity was reported to be depressed (10), whereas 
glucose 6-phosphatase activity was shown to be increased (6), 
and aldolase activity was not appreciably lowered (11). 

All these observations indicate that glucose metabolism is 
altered in scurvy. At this stage we thought it reasonable to 
make a systematic study of the responses of hepatic enzyme 
activities responsible for the metabolism of glucose 6-phosphate 
in scorbutic guinea pigs. The present report concerns studies on 
the activities of hepatic hexokinase, phosphoglucomutase, glucose 
6-phosphatase, phosphohexoisomerase, and the dehydrogenases 
of glucose-6-P and 6-phosphogluconate. To further our under- 
standing of the effect of scurvy on glucose-6-P metabolism, we 
have also studied the oxidation of glucose-1-C' and glucose-6-C"™ 
to C“O. which may give an idea of the operation of both the 
glycolytic and hexose monophosphate oxidative pathways in this 
disease. 


EXPERIMENTAL PROCEDURE 


Treatment of Animals 


Male guinea pigs, weighing from 250 to 300 g, were maintained 
on a diet consisting of green grass, soaked gram, and the scorbu- 
Animals which grew well were 
selected and separated into several groups, each group consisting 
of one pair-fed and one scorbutic guinea pig. All the animals 
were then maintained on the scorbutogenic diet. By “pair-fed 
guinea pigs’? we mean that each control animal was given an 
amount of food equal to that consumed the day before by its 
paired experimental animal. The pair-fed control was also fed 
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5 mg of ascorbic acid daily. All the animals were fed 2 drops of a 
concentrate of vitamin A and D twice a week. During the 3rd 
week, symptoms of scurvy developed in the scorbutic group. 
Usually the animals were killed during the 4th week when they 
developed acute scurvy. 


Methods 


Tissue Preparation—The guinea pigs were killed by a blow on 
the head. Their livers were immediately excised, weighed, and 
a 1-g portion was transferred to an ice-cold Potter-Elvehjem 
homogenizing tube. Ice-cold 0.25 m sucrose solution (3 ml) was 
added for homogenization. The rest of the method was as 
described by Fitch et al. (13). After homogenization, the tissue 
preparation was centrifuged at 100 x g for 10 minutes at 0°. 
The cell-free supernatant layer was used for enzyme assays. The 
enzyme preparations from both pair-fed and scorbutic animals 
were usually made on the same day. 

Enzymatic Assay Methods—Hexokinase activity was measured 
by the system described by Crane and Sols (14) in the presence of 
sodium fluoride. An aliquot of the incubated mixture was then 
assayed for glucose-6-P with glucose-6-P dehydrogenase and TPN 
and measuring TPNH spectrophotometrically at 340 my (15). 
Phosphoglucomutase activity was assayed according to the 
method of Najjar (16). Glucose 6-phosphatase was measured 
by the method of Langdon and Weakley (17). For measuring 
phosphohexoisomerase, the method of Bruns and Hinsberg (18) 
as modified by Fitch et al. (13) was used. The activities of de- 
hydrogenases for glucose-6-P and 6-P-gluconate were measured 
according to the assay method of Glock and McLean (19). All 
incubations were carried out at 37° for a period of 15 minutes 
except in the case of dehydrogenases which were performed at 
room temperature (30°). 

Isotope Experiments— Incubation was carried out in a specially 
designed flask provided with central well and rubber stopper as 
described by Katz and Chaikoff (20). The central well con- 
tained 0.5 ml of 20% KOH for absorbing carbon dioxide. One 
milliliter of tissue preparation was used in each flask, and 2 ue 
of radioactive substrate, glucose-1-C™, or glucose-6-C™. Incu- 
bation was carried out at 37° for 1 hour. The reaction was 
stopped by injecting 2 ml of 12 N H.SO, through the rubber 
stopper with a syringe. Carbon dioxide extraction, plating, and 
radioactive measurements were carried out as described by 
Maitra and Roy (21) and Ganguli et al. (22). A windowless gas 
flow counter (Nuclear-Chicago Corporation) was used for count- 
ing, and corrections were made for self-absorption and back- 
ground. 

Chemical Analyses—Phosphate was determined by the method 
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TABLE 
Hepatic glucose-6-P metabolism by glycolytic enzymes of 
guinea pigs with scurvy 
The systems used for assaying different enzyme activities are 
as described in the text. The results are expressed as averages 
of the specific activities. 


Scorbutic Pair-fed Per cent 
Enzyme 
Range Mean Range Mean | scurvy 
Glucose’ 6- 
phospha- 
Sea 5 11.8-15.0 12.3 | 11.0-16.5 | 12.8 
Phosphoglu- 
comutase...| 6 0.8-1.8 1.0) 11.8-16.5 | 12.3) 92 
Hexokinase...| 5 18.4-22.5 20.4 | 48.5-54.8 | 52.8) 61 
Phosphohex- 
oisomer- 
7 (145.5-165.5152.3 215.4-240.2:232.5 | 34 


TABLE II” 


Hepatic glucose-6-P metabolism by hexosemonophosphate oxidative 
enzymes of guinea pigs with scurvy 
The complete system contained: 5 umoles of substrate, 10 umoles 
of magnesium chloride, 10 wmoles of TPN, 200 wmoles of Tris 
buffer pH 7.5, and 10 wl of enzyme preparation in a total volume 
of 3ml. Results are averages of the specific activities. 


Scorbutic Pair-fed Per cent 
Range Mean Range Mean | scurvy 
Glucose-6-P 
dehydro- 
genase...... 5 315.0-345.6 336.6 198.4-210.8 204.4 | 64 
6-P-Gluconate | 
dehydro- | 
genase...... 5 (430.6-485 6 478.2 340. 1-370.4 360.3 32 


TaBLeE III 
Oxidation of glucose-1-C'* and glucose-6-C' to C!4O2 by liver tissue 
preparations from guinea pigs with scurvy 

Incubation mixture contained: radioactive substrate, either 
glucose-1-C'™ or glucose-6-C™ with 3.17 10° and 5.08 108 
c.p.m., respectively; a total of 10 umoles of radioactive and carrier 
glucose; 0.56 mm phosphate buffer, pH 7.0, and 1 ml of enzyme 
preparation in a total volume of 5 ml. Central wall contained 
0.5 ml of 20% KOH. Incubation was carried out for 1 hour. 
Mean values are the averages of separate determinations on six 
pairs of experimental and control guinea pigs. 


Metabolic Studies on Scurvy 


| | ratio: 
CO, |  Glucose-1-Cs 
Range | Mean Scorbutic | Pair-fed 
Glucose-1-C'* |. Secorbutie | 2.4-2.9 2.7 
Pair-fed 2.3-2.9 2.8 25 1.2 
Glucose-6-C'4 Seorbutie | 1.1-1.2 1.1 
Pair-fed 2.4-2.5 | 2.4 
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of Fiske and SubbaRow (23). Fructose was estimated by Roe’s 
method (24). Protein was determined by the Folin-Ciocalteu 
method (25). TPN reductions were followed in a Beckman 
spectrophotometer, model DU, at 340 mu in 3-ml cuvettes. An 
extinction coefficient of 6.22 xX 10° cm? per mole was used in 
calculations (26). 

Units and Specific Activity—Different units were used for 
measuring different enzyme activities. The following are the 
units used, expressed per hour: hexokinase, 0.1 umole of glucose- 
6-P formed; glucose 6-phosphatase, 1 wmole of phosphate lib- 
erated; phosphohexoisomerase, 1 wg of fructose disappeared; 
phosphoglucomutase, 1 umole of labile phosphate disappeared; 
for the dehydrogenases of glucose-6-P and 6-P-gluconate, 0.01 
change in optical density at 340 mu. Specific activity is defined 
as units of activity per mg of protein. 


Materials 


Glucose-6-P, fructose-6-P, and ATP were products of Schwarz 
Laboratories. Glucose-1-P was purchased from Nutritional 
Biochemicals Corporation. 6-P-Gluconate was kindly furnished 
by Dr. D. P. Burma of the Bose Research Institute, Calcutta. 
TPN was supplied by the Sigma Chemical Company. Glucose- 
6-P dehydrogenase was prepared from yeast by the method of 
Kornberg and Horecker (27) and purified up to the first am- 
monium sulfate precipitation step. Dried yeast used for the 
preparation of glucose-6-P dehydrogenase was a gift from the 
Central Food Technological Research Institute, Mysore. Glu- 
cose-1-C'™ and glucose-6-C'™ were purchased from the Radio- 
chemical Centre, Amersham, England. 


RESULTS 


Hepatic Glucose-6-P Metabolism by Glycolytic Enzymes in 
Scorbutic Guinea Pigs—The results on the hepatic hexokinase, 
glucose 6-phosphatase, phosphoglucomutase, and phosphohexoiso- 
merase determinations on pair-fed and scorbutic guinea pigs are 
recorded in Table I. A change in the enzyme specific activities 
is apparent from the table. The hepatic specific activities of 
hexokinase, phosphoglucomutase, and phosphohexoisomerase 
are found to be depressed in scorbutic guinea pigs in relation to 
the pair-fed control animals. Depression was maximal in the 
case of phosphoglucomutase and reached 92%, whereas in the 
case of hexokinase and phosphohexoisomerase, it was 61 and 34%, 
respectively. The glucose 6-phosphatase activity remained un- 
affected. The results indicate that glucose-6-P was less ef- 
fectively utilized for glycogenesis and glycolysis in scurvy. 

Hepatic Glucose-6-P Metabolism by Oxidative Enzymes in 
Guinea Pigs with Scurvy—Table II represents the values of glu- 
cose-6-P and 6-P-gluconate dehydrogenase activities of pair-fed 
and scorbutic guinea pigs. In scurvy, the specific activities of 
both the dehydrogenases were elevated. Glucose-6-P dehy- 
drogenase activity was increased twice as much as that of 6-P- 
gluconate dehydrogenase. 

Hepatic Oxidation of Glucose-1-C'4 and Glucose-6-C™ to COs by 
Scorbutic Guinea Pigs—The oxidation of glucose-1-C"™ and glu- 
cose-6-C'™ to CO. by the liver preparations is represented in 
Table III. Results indicate that on an average the contribution 
of carbon 1 of glucose to the respiratory carbon dioxide was ap- 
proximately the same as that of carbon 6 in the case of liver 
preparations from control guinea pigs. In scorbutic tissue prep- 
arations, the value for conversion of carbon 1 to CO2 was twice 
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as high as that for carbon 6. Comparing carbon dioxide values 
of scorbutic with pair-fed guinea pigs, it is apparent from the 
table that scurvy did not affect the oxidation of carbon 1 of glu- 
cose, but oxidation of carbon 6 was appreciably depressed in the 
scorbutic animal. This indicates that oxidation of glucose via 
the Embden-Meyerhof-Parnas pathway and the tricarboxylic 
acid cycle was probably diminished as a result of scurvy. 


DISCUSSION 


In mammals, glucose-6-P is metabolized via more than one 
metabolic pathway, as represented in Fig. 1. The enzymes con- 
cerned in these metabolic pathways were studied in scurvy. The 
observation that in scurvy, specific activities of hexokinase, phos- 
phohexoisomerase, and particularly phosphoglucomutase were 
diminished (Table I) reflects the decreased metabolism of glucose 
via pathways A, C, and D (Fig. 1) in this condition. 

Because of diminished production of insulin in scurvy (3, 4), 
one might expect lowering of hexokinase activity, since injection 
of insulin has been shown to counteract the diminished hexoki- 
nase activity of diabetic rat muscle extract (28). The lowered 
phosphoglucomutase activity in scorbutic guinea pigs may ac- 
count for the defect in glycogenesis in liver in vitamin C defi- 
ciency (2, 3), because in animal tissues glycogen synthesis takes 
place via a “glycogen cycle” (29) in which phosphoglucomutase 
is involved. <A defect in phosphoglucomutase would alter glyco- 
gen synthesis even if the other steps of the cycle via UDP-glucose 
pyrophosphorylase (30) and UDP-glucose-glycogen transglu- 
cosylase (31) function properly. The lowering of phosphohexo- 
isomerase activity in scurvy, 1.e. glucose-6-P metabolism via 
pathway D (Embden-Meyerhof-Parnas pathway) may explain 
the previous findings of Ganguli and Roy (5) and also of Lahiri 
and Banerjee (6) regarding the diminished level of fructose-6-P 
and other phosphorylated intermediates in liver tissue of scorbu- 
tic guinea pigs. 

A rise in the level of glucose 6-phosphatase in liver in scurvy 
was reported by Lahiri and Banerjee (6). Our results differ 
from theirs and indicate that the level of this enzyme remains 
unaffected. Thisdifferencein findings may be due to the methods 
adopted in the two enzyme preparations which differed in details. 
However, we also observed that there was a higher hepatic activ- 
ity of this enzyme in preparations from both pair-fed and scorbu- 
tic guinea pigs compared with preparations from normal animals 
fed ad libitum (values not shown in table). A stimulation of 
hepatic specific activities of both the dehydrogenases of glucose- 
6-P and 6-P-gluconate in scurvy (Table II) was observed. 

The isotopic studies designed to appraise the hepatic metab- 
olism of glucose via the two major pathways D and F in guinea 
pig indicate that the pair-fed animal oxidized glucose-1-C™ and 
glucose-6-C" to CO, at almost equal rates (Table III). The 
hepatic oxidation of glucose-1-C to CO. remained unaffected 
in scurvy whereas the oxidation of glucose-6-C™ was depressed 
more than 50% in scorbutic tissue compared with the pair-fed 
control. Depressed formation of CO. from glucose-6-C™ was 
expected because of the low phosphohexoisomerase activity 
which is the key enzyme for the metabolism of glucose-6-P via 
pathway D (Embden-Meyerhof-Parnas pathway). Although an 
increased activity of the key enzymes of the hexosemonophos- 
phate shunt pathway was observed in scurvy (Table II), no 
similar stimulation in the appearance of glucose carbon 1 as 
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GLYCOGEN 
GLYCOGE 
ATP ADP CYCLE 
GLUCOSE-I-P 
TPN TPNH 
GLUCOSE p- PENTOSE \_, CARBON 
CYCLE DIOXIDE 
FRUCTOSE -6-P 
INORGANIC 
TE 
TCA 
CYCLE 
CARBON 
DIOXIDE 


Fic. 1. Pathways of glucose-6-P metabolism. The letters A, 
B, C, ete., refer to different pathways by which glucose-6-P can 
be metabolized. JCA, tricarboxylic acid cycle. 


CO. was detected. This difference might have been due to the 
experimental conditions, such as the amount of enzyme or time 
of incubation, which were not similar in the two types of experi- 
ments, or to limiting factors other than the dehydrogenases 
themselves. 

It would be interesting to compare our findings on the enzyme 
activities in relation to glucose-6-P metabolism in scurvy with 
those in diabetes. Apparently there is a similarity of glucose-6-P 
metabolism via pathways A, C, and D in scurvy and diabetes, 
but differences in its metabolism via pathways B and E (32, 33). 
It appears, therefore, that the defect in glycogenesis and glycol- 
ysis may perhaps be due to hypoinsulinism associated with 
scurvy. | 


SUMMARY 


1. The activities of hexokinase, phosphoglucomutase, and 
phosphohexoisomerase were reduced in the scorbutic guinea pigs. 
Maximal depression in activity was observed with phospho- 
glucomutase. 

2. Among the enzymes studied, glucose 6-phosphatase was the 
only enzyme the activity of which was found to remain unaffected 
in the liver by scurvy. 

3. The dehydrogenases of glucose 6-phosphate and 6-phos- 
phogluconate exhibited increased activity in scorbutic guinea 
pigs. 

4. The extent of oxidation of glucose-1-C™ to C“O. was found 
to be similar by both scorbutic and pair-fed guinea pig tissues, 
whereas oxidation of glucose-6-C' to C“O2 was appreciably de- 
pressed in scorbutic guinea pigs. 

5. The significance of the findings in relation to hepatic carbo- 
hydrate metabolism in scurvy is discussed. 
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Increased attention has been focused on the potential sig- 
nificance of the variations in the qualitative and quantitative 
composition of connective tissue ground substance. Changes 
in tissue content of acid mucopolysaccharides are difficult to 
define since existing quantitative methods are generally recog- 
nized as inadequate. Moreover, these methods are laborious 
and require large amounts of starting material. Such limita- 
tions in methodology impose restrictions on metabolic studies 
of connective tissues. 

The present communication describes a procedure for quan- 
titative separation of small quantities of hyaluronic acid, chon- 
droitinsulfuric acids, and heparin, and its application to a study 
of the mucopolysaccharides of skin. A previously published 
method for extraction of acid mucopolysaccharides from skin 
(2) was modified to incorporate Scott’s finding (3) that this 
tissue can be solubilized by activated papain at elevated tem- 
perature. The technique for separation was based on the dif- 
ferential solubility of cetylpyridinium complexes of acid muco- 
polysaccharides (3). Use of the quaternary ammonium ion 
for isolation and separation of acid mucopolysaccharides has 
been recently reviewed (4). Several procedures useful for frac- 
tionating mucopolysaccharides were enumerated. The method 
described in this paper is similar to one proposed by Scott. 

Gardell! reported that acid mucopolysaccharides able to form 
complexes with cetylpyridinium chloride were separated on a 
cellulose column by increasing concentrations of MgCl». Since 
the column appeared to act merely as a supporting medium, it 
was considered probable that equivalent separation could be 
achieved by a simple process of solubility. The observation of 
Korn (5) that heparin, at a concentration as dilute as 25 yg per 
ml, was precipitated quantitatively as the cetyltrimethylammo- 
nium complex (providing an inert agent, Celite, was present) 
suggested that a simple separation procedure was feasible. The 
efficacy and reproducibility of the methods were studied with 
authentic samples of acid mucopolysaccharides from several 
sources and with rat skin. 


* This investigation was aided by grants from the National 
Heart Institute of the United States Public Health Service (# H- 
311), the National Foundation, and the Chicago Heart Associa- 
tion. 

+ A preliminary report was presented at the meeting of the 
American Society of Biological Chemists in Chicago, April 1960 
(1). 

1 Gardell, S., presented at a Symposium on Acid Mucopolysac- 
charides, Ipswich, Massachusetts, June 1958. 
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The ion exchange technique employed by Davidson and 
Meyer (6) for the separation of a low and a high sulfated frac- 
tion from bovine cornea was developed into a useful method for 
separating purified preparations of acid mucopolysaccharides. 


EXPERIMENTAL PROCEDURE 


Methods and Materials—Papain, crystalline suspension in 0.03 
M cysteine was obtained from Worthington Biochemical Cor- 
poration. Trypsin (1 x erystallized) was purchased from 
Pentex, Inc., Kankakee, Illinois. The CPC? was a product of 
K & K Laboratories, Inc., Long Island City, New York. Dowex, 
1-X2, 200 to 400 mesh, was purchased in the chloride form from 
the California Corporation for Biochemical Research, Los An- 
geles, California. It was converted to the hydroxide form by 
shaking with 2 m NaQH, then to the chloride form with 2 m 
HCl, and washed with water until free of chloride. Celite 
analytical filter aid (Johns Manville) was suspended in water 
and the fines removed. The “heavy” particles were dried over- 
night in a 70° oven, pulverized, and stored for use in the separa- 
tion procedure. 

Purified acid mucopolysaccharides were generously supplied 
by Dr. J. A. Cifonelli. The chondroitinsulfate-protein complex 
was isolated from bovine nasal septum by Dr. M. B. Mathews. 
One sample of heparin (145 units per mg) was purchased from 
General Biochemicals, Inc., and used as such. 

Colorimetric analyses for hexosamine, uronic acid, and nitro- 
gen were carried out as described previously (7). ‘Total’ 
sugar was estimated as galactose by the phenol-sulfuric acid 
method of Dubois e¢ al. (8). This reagent does not react with 
hexosamines. The method for N-sulfate was based on that 
described by Foster et al. (9). N-Acetyl was determined by the 
method of Ludowieg and Dorfman (10). The paper chromato- 
graphic techniques of Stoffyn and Jeanloz (11) and Kirk and 
Dyrbye (12) were used to identify amino sugars. Paper elec- 
trophoresis of acid mucopolysaccharides was carried out in 0.1 
M formate buffer, pH 3, on Whatman No. 1 paper at 1.4 volts 
per em, for 15 hours? and stained with an aqueous alcoholic 
solution of toluidine blue. Anticoagulant activity was deter- 
mined by a modification of the method of Waugh and Ruddick 
(13). 

Extraction of Mucopolysaccharides from Rat Skin—Acetone- 


2 The abbreviation used is: CPC, cetylpyridinium chloride. 
3 Mathews, M. B., unpublished method for the purpose of sepa- 
rating chondroitinsulfuric acids-A and -B. 
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TABLE I 

Separation of acid mucopolysaccharides from extract of rat skin 

The uronic acid content was 5.89 mg in a volume of 9.5 ml. 
To this were added 0.38 ml of 1 mM NaCl and 0.32 ml of a 10% solu- 
tion of CPC, bringing the total volume to 10.2 ml. The mixture 
was incubated for 1 hour at 37°. Approximately 200 mg of Celite 
were added before centrifugation as described in the text. Ali- 
quots (0.2 to 1.0 ml) were removed from each flask for uronic acid 


determinations. The recovery was 5.97 mg of uronic acid or 101%. 
Flask No. Solvent Volume Uronic acid 
ml ug 
1 Supernatant 9.5 317 (brown) 
2 | 0.03 Mm NaCl in 0.1% CPC 15.0 95 (yellow) 
412 
3 0.4 Mm NaCl in 0.1% CPC 30.0 1620 
4 0.4 m NaCl in 0.1% CPC 29.8 | 1091 
5 0.4 mM NaCl in 0.1% CPC 30.0 612 
6 0.4 m NaCl in 0.1% CPC 29.8 122 
7 0.4 Mm NaCl in 0.1% CPC 30.0 24 
8 0.4 Mm NaCl in 0.1% CPC 30.0 0 
3469 
9 1.2 m NaCl in 0.1% CPC 30.5 885 
10 1.2 mM NaCl in 0.1% CPC 30.0 297 
11 1.2 m NaCl in 0.1% CPC 30.3 127 
12 1.2 mM NaCl in 0.1% CPC 30.0 30 
13 1.2 mM NaCl in 0.1% CPC 30.5 0 
1339 
14 2.1 Mm NaCl 30.0 716* 
15 2.1m NaCl 30.0 38* 
16 2.1 mM NaCl | 29.8 0 
| 754 


* Corrected for quenching as explained in text. 


defatted ground skin from Sprague-Dawley male rats was sus- 
pended in 0.1 M acetate buffer, pH 5.5 (20 ml per g of dry skin) 
containing 0.005 m cysteine-HCl and 0.005 m disodium ver- 
senate. Crystalline papain (2 mg per g of dry skin) was added 
and the mixture incubated for 24 hours at 60°. At this point, 
most rat skins were in solution. Occasionally, complete solubili- 
zation did not occur. In such instances, NaOH was added to 
0.5 mM and the mixture was shaken at 4° for 3 to 4 hours. The 
solution was dialyzed against running tap water for 24 hours, 
and for 24 hours at 4° against distilled water. The dialyzed 
sample was digested with trypsin for 72 hours as described in a 
previous paper (2). Trichloroacetic acid was added to a final 
concentration of 10%. The trichloroacetic acid-soluble material 
was dialyzed against distilled water at 4° and concentrated to a 
volume containing approximately 1 mg of mucopolysaccharide 
per ml. 

Separation of Mucopolysaccharides—The acid mucopolysac- 
charides were precipitated completely in 0.035 to 0.04 m NaCl 
by forming a complex with excess CPC, 3 mg per mg of poly- 
saccharide. The precipitate was allowed to incubate at 37° 


for 1 hour, after which time approximately 20 mg of “heavy” 
Celite per mg of mucopolysaccharides were added. The mix- 
ture was stirred thoroughly with a glass rod, centrifuged for 30 
minutes at 2700 r.p.m., and the supernatant was decanted into 
the first of a series of tubes or flasks. The precipitate was 
washed once, by stirring, with a solution of 0.03 m NaCl in 0.1% 
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CPC, centrifuged for 20 minutes, and the supernatant was col- 
lected in the second tube. The mucopolysaccharides were then 
extracted as shown in Table I. Hyaluronic acid was removed 
by a series of 3 to 6 extractions with a 0.1% CPC solution con- 
taining 0.4 m NaCl which solubilizes the hyaluronic acid-CPC 
complex. The chondroitinsulfuric acids were similarly extracted 
by 1.2 mM NaCl in 0.1% CPC, and heparin by 2.1m NaCl. The 
volume in each tube was recorded and the contents assayed for 
uronic acid by the carbazole method. The material in tubes 1 
and 2 contained no uronic acid, but the brown color that de- 
veloped with H.SO, and carbazole contributed to the total ab- 
sorbancy at 535 my. No anomalous color was found in the 
supernatant or wash after precipitation of purified samples of 
mucopolysaccharides with CPC under the conditions described. 

Because of the high salt concentration used for the extraction 
of heparin, the uronic acid color by the carbazole reaction was 
depressed 44.7%. All values for heparin were corrected ac- 
cordingly. Uronic acid color development for hyaluronic acid 
and the chondroitinsulfuric acids was unaffected by the presence 
of NaCl. Heparin monosulfuric acid, however, yielded only 
78% of its normal color equivalent for uronic acid in 1.2 M NaCl 
containing 0.1% CPC. 

Chromatography of Acid Mucopolysaccharides—Chromatogra- 
phy of acid mucopolysaccharides was carried out on the anion 
exchange resin, Dowex 1-X2 (200-400 mesh) in the chloride 
form. Columns, 0.9 cm in diameter, were packed with a slurry 
of the resin in water to a height of 44 cm. Five to 10 mg of 
mucopolysaccharides were applied as an aqueous solution. The 
column was washed with water and eluted stepwise with increas- 
ing concentrations of NaCl starting with 0.5 m. Fractions of 
15 to 25 ml were collected in an automatic fraction collector 
and were assayed for uronic acid. The concentration of NaCl 
was increased to 1.25 m when the effluent gave a negative test 
for uronic acid. In the case of keratosulfate, the eluates were 
checked for “total” sugar (8). Sharp separation of authentic 
samples of acid mucopolysaccharides can be obtained by this 
method. Fig. 1 demonstrates the elution pattern of 4 purified 
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Fig. 1. Elution diagrams of hyaluronic acid (HA), heparin 
monosulfuric acid (HMS), chondroitinsulfuric acid-A (CSA), and 
heparin chromatographed individually on Dowex 1-chloride col- 
ums, 0.9 X 44cm. Stepwise elution was used with NaCl solutions 
of increasing molarity as described in the text. The concentra- 
tion of NaCl at which each of the substances was eluted is indi- 
cated as well as the tube number in which each substance appeared 
in the effluent. 
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Fic. 2. The chromatography of 11 mg of keratosulfate on a 
Dowex 1-chloride column (0.9 KX 42 cm). Fifteen-milliliter frac- 
tions were collected in an automatic fraction collector. The 
material was eluted stepwise with NaCl of the indicated concen- 
trations. An aliquot of each fraction was assayed for ‘‘total’”’ 
sugar (8). 


i 
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preparations of acid mucopolysaccharides, chromatographed 
individually. Hyaluronic acid was eluted with 0.5 m NaCl, 
the others by salt concentrations indicated. 

The chromatographic behavior of a sample of keratosulfate 
isolated from bovine cornea is shown in Fig. 2. Approximately 
19% was eluted with 2 m NaCl, 78% with 3 m NaCl, and 3% 
with 4 m NaCl. 


RESULTS 


Recovery of Acid Mucopolysaccharides by Separation of Their 
CPC Complexes—The efficiency of the separation procedure for 
purified samples of acid mucopolysaccharides is shown in Table 
II. A 4to 5% overlap occurred between heparin and the chon- 
droitinsulfuric acids. 

Keratosulfate, not shown in Table II, was distributed as fol- 
lows. In the 1.2 m NaCl fraction 58% appeared and 42% in 
the 2.1 m NaCl fraction. The recoveries were based on analyses 
or ‘‘total carbohydrate’’ (8). | 
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Recovery or separation or both of a chondroitinsulfuric acid- 
protein complex was incomplete. This was true also of crude 
mucopolysaccharide preparations of skin with a high content of 
excess nitrogen. Typical values for hexosamine, nitrogen, and 
uronic acid found in representative samples of skin mucopolysac- 
charides before separation are shown in Table III. Molar ratios 
of nitrogen-hexosamine were 3:1 or less for preparations of rat 
skins. Such preparations were obtained readily from this species 
and separated with no difficulty. A portion of the excess nitro- 
gen remained in the supernatant fluid after precipitation of the 
acid mucopolysaccharides with CPC. Crude mucopolysaccha- 
ride extracts of human skin samples contained larger quantities 
of excess nitrogen than those of rat skin. Passage through the 
cation exchange resin, Dowex 50 (H*), before separation, reduced 
the nitrogen content of these preparations with no loss of muco- 
polysaccharide. 

A difference was found in hexosamine-uronic acid ratios be- 
tween extracts of skin from rats and those from the human or 
camel (Table III). This difference was undoubtedly indicative 
of the presence of heparin in rat skin and its absence in the skin 
of the other two species, since the abnormally high uronic acid 
color yield for heparin by the carbazole reaction causes an ap- 
parent increase in the concentration of this component. 

Recovery of Acid Mucopolysaccharides Added to Skin—Hy- 
aluronic acid, chondroitinsulfuric acid-B, and heparin were added 
separately to 5-g samples of dry rat skin, digested with papain, 
and the tissue digest carried through the entire extraction and 
separation process by the methods described above. A 5-g 
sample of the skin pool was treated similarly for the purpose of 
obtaining base-line values for uronic acid contents in the different 
fractions. The per cent recovery of each mucopolysaccharide, 
shown in the last column of Table IV, was calculated from the 
additional uronic acid found in the appropriate fractions. 

Purification of Separated Fractions—For the purposes of iso- 
lation and identification, small amounts of contamination, 
caused by overlap of mucopolysaccharides in the separation of 
their CPC complexes, can be eliminated by chromatography on 
Dowex 1-X2 chloride columns. Before resin can be used, how- 
ever, the salt and CPC must be eliminated. The uronic acid- 
positive material of the respective fractions was combined and 
the CPC was removed by precipitation with potassium thio- 
cyanate, as described by Korn (5). After dialysis of the super- 


TaBLeE II 
Separation and recovery of acid mucopolysaccharides after precipitation with cetylpyridinium chloride (CPC) 
Recoveredt 
Compound Quantiy 
0.4 m NaCl in 0.1% CPC 1.2 m NaCl in 0.1% CPC 2.1 mw NaCl 

ug % Mg % ug 7% 
285 285 100 <2 <1 0 0 
BONG. 1206 1226 102 0 0 0 0 
Chondroitinsulfuric acid-A................... 640 16 3 644 101 0 0 
Chondroitinsulfurie acid-A................... 620 18 3 589 95 34 5 
Heparin monosulfuric acid. .................. 856 <10 <1 802 94 46 5 
Heparin monosulfuric acid................... 1284 <10 <1 1214 95 60 5 
Chondroitinsulfuric acid-B................... 290 0 0 249 86 12 4 


* The uronic acid content of each sample was determined before precipitation with CPC under the conditions described in the text. 
t The percentages recovered are based on the amount of uronic acid found in the respective NaCl fractions. 
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natants to remove the last traces of salt, the uronic acid content 
was détermined and the samples were adsorbed on resin columns. 
Elution of mucopolysaccharides with NaCl was carried out ac- 
cording to the method described above. 

Three chondroitinsulfuric acid samples separated from ex- 


TABLE III 
Analyses of skin mucopolysaccharide extracts before separation 


| Hexosa- Uronic | N 


Extract No. Source N/H* 
| | mg/g dry skin 

SC-2 B | Rat | 1.40 | 1.55 | 0.2% | 2.2 

GS-13 Rat 0.95 | 0.95 | 0.21 | 2.8 

Ma-15 Human 1.84¢ 0.88t | | 3.7 

E-168 | Camel _ 1.04 | 0.62 | 0.21 | 2.6 


* Molar ratios. Nitrogen (NV); Hexosamine (H). 
+ After passage through a Dowex 50 (H*) resin column. 


TaBLe IV 


Separation of Acid Mucopolysaccharides 


Recovery of acid mucopolysaccharides added to skin 


Recovery of tota] mucopoly- | Recovery of 
harides added 


sacchari 
Subnstace added | Amount : mucopoly 
| 0.4 M NaCl1.2 M NaCl 2.1 m NaCl saccharides 
| me? mg uronic 5 g acetone-dry 
| 2.96 1.40 0.57 
Hyaluronic acid 2.53 5.08 1.36 0.45 93 
4.24 1.05 0.47 77 
Chondroitinsul- 0.95 3.11 2.40 0.62 102 - 
furic acid-B 3.20 2.33 0.62 99 
Heparin 0.71 2.88 1.44 1.12 87 
| ace 1.13 1.16 90 
* As uronic acid. 
HO 10 20 MNACI 
700 
600 
a SOOFr 
a) 
400 
300 F 
ea 
> 
S 200Fr 
100 
20 30 40 
TUBE NUMBER 


Fic. 3. Resolution of a ‘‘heparin’’ fraction (isolated from an 
extract of rat skin by the CPC method) by chromatography on 
Dowex 1-chloride. The material was eluted stepwise with NaCl 
of increasing molarity. Eluate samples were collected in an auto- 


matic fraction collector and assayed for uronic acid. Heparin was 
found in the 2.0 m NaCl effluent. ; 
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TABLE V 


Analytical data of three preparations of heparin 
isolated from rat skin 


| Anti- 
N* | Sulfate*) Amino sugar “Tantt 
| activity 
| % 
1 1.62 | 2.03 Glucosamine | +90°{ | 100f 
1.14 | 1.38 | 2.64 0.15 | Glucosamine | +48° 40 
3 1.35 | 1.60 2.45 1.00 Glucosamine | +56° 39 


* Expressed as molar ratios with hexosamine as 1.00. 

+ Based on comparison with a commercial preparation of 
heparin (GBI, 136 units/mg) as 100%. 

t Calculated on the basis of hexosamine concentration. 


tracts of skin by the CPC method were chromatographed on 
Dowex 1-chloride columns, with the use of stepwise elution with 
NaCl. The 1.6m NaCl eluates contained 92 to 98° of the uronic 
acid; the remainder was distributed between the 0.5 M and 2.1 M 
NaCl eluates. Paper chromatography (9) of acid hydrolysates 
of the 1.6 m NaCl fractions showed the presence of a single spot 
which migrated at the same rate as an authentic sample of 
galactosamine. 

Hyaluronic acid fractions were not subjected to ion exchange 
chromatography since analyses indicated little or no contamina- 
tion. However, this technique was applied to the 2.1 Mm NaCl 
fractions (“‘heparin” fraction) obtained after separation of rat 
skin extracts by the CPC method. In all preparations from this 
species, relatively large quantities of uronic acid-containing ma- 
terial were a constant finding in the ‘‘heparin”’ fraction. Paper 
chromatograms of acid hydrolysates showed a major spot that 
migrated like glucosamine and a faint spot that appeared to be 
galactosamine. This finding is in keeping with the observations 
detailed in Table II that show a small percentage overlap in the 
separation of the chondroitinsulfuric acids and heparin. Fig. 3 
illustrates a typical elution diagram of a ‘‘heparin’”’ fraction. 
The 2.0 m NaCl eluates were combined, dialyzed, and concen- 
trated. Heparin was precipitated with 2 volumes of ethanol, 
half-saturated with NaCl. Analyses of three such preparations 
are given in Table V. Paper chromatography of acid hydroly- 
sates, with the use of aqueous lutidine as solvent (12), showed a 
single spot that migrated at the same rate as glucosamine. On 
paper electrophoresis in 0.1 M ammonium formate buffer, pH 3, 
the mobility of the compound coincided with that of a commer- 
cial sample of heparin. The material contained no demonstrable 
N-acetyl. 


DISCUSSION 


The techniques described in this communication provide rela- 
tively simple and quantitative methods for the extraction and 
separation of acid mucopolysaccharides. Although the present 
studies were limited to dermal tissue, the procedures can be 
adapted and modified to suit a variety of purposes and source 
materials. 

Recent investigations indicate that at least eight distinct acid 
mucopolysaccharides exist in different combinations in mam- 
malian connective tissues. Direct analysis of tissues for these 
mucopolysaccharides is not possible. The methods detailed do 
not realize completely the objective of a simple quantitative 
scheme of separation and analysis of all of these substances. 
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However, considerable progress in this direction has been 
achieved. 

Extraction from tissue depends primarily on the elimination 
of a major portion of the protein by digestion with papain and 
trypsin, followed by precipitation with trichloroacetic acid. 
These procedures permit quantitative recovery of polysaccharides 
which are chemically undegraded. The threat of degradation 
from the low pH of the trichloroacetic acid, which might con- 
ceivably hydrolyze N-sulfate groups or degrade keratosulfate, is 
prevented by performing this step in the cold. 

Scott (4) indicates that separation of mucopolysaccharide-C PC 
complexes by extraction with increasing concentration of salt is 
not the method of choice. This statement, however, is not 
supported by data that compare the different methods. The 
results presented here show that repeated extractions with each 
solvent yield quantitative separation and recovery of hyaluronic 
acid, chondroitinsulfuric acids, and heparin. Since these are the 
acid mucopolysaccharides known to be present in rat skin, divi- 
sion of skin extracts into three fractions affords a rapid separation 
with a minimum of effort and a relatively high degree of purity. 
One major advantage of this method, over others, is that pre- 
cipitation of all mucopolysaccharides in dilute salt solution 
achieves considerable purification. As much as 90% of the pro- 
tein or its proteolytic products of skin may remain in the super- 
natant (4). With a tissue such as skin, which is composed largely 
of protein and approximately 0.5% mucopolysaccharides, elim- 
ination of protein is a major problem. 

lon exchange chromatography has not received wide usage as a 
tool for separating acid mucopolysaccharides. Davidson and 
Meyer (6) used Dowex 1 for the separation of low and high 
sulfated acid mucopolysaccharides from extracts of cornea. 
More recently, Ringertz and Reichard (14, 15) reported good 
separations by chromatography on Ecteola, an anionic ex- 
change cellulose derivative. Unfortunately, the most effective 
eluent in their system operated at a low pH which could have 
deleterious effects on keratosulfate and the N-sulfated muco- 
polysaccharides. Chromatography on Dowex 1 provides a 
means of separating pure preparations of acid mucopolysaccha- 
rides; extensive trailing is often obtained with tissue extracts. 
For this reason, the use of CPC for quantitative separation of 

acid mucopolysaccharides in tissue extracts is preferred. When 
this is followed by chromatography on Dowex 1, most mixtures, 
with the exception of the chondroitinsulfuric acids, can be re- 
solved. 

Estimation of the mucopolysaccharide content of separated 
fractions was based on analysis for uronic acid by the carbazole 
method of Dische (16). This method was selected because of 
its simplicity and because no interference was found in the de- 
velopment of the chromogen by the presence of CPC. The 
influence of salt concentration on the carbazole reaction may be 
seen in the elution patterns of the 4 mucopolysaccharides depicted 
in Fig. 1. The eluates were not dialyzed before analysis. 

The carbazole method has the disadvantage of producing color 
yields for uronic acid that are not equivalent for all mucopoly- 
saccharides. Alternative analytic methods, such as the Elson- 
Morgan (17) reaction for determining hexosamines, may be pre- 
ferable but require additional manipulations (for the elimination 
of NaCl and CPC) which inevitably cause loss of mucopolysac- 
charides. Five-to 50-g quantities (dry weight) of skin can be 
separated with ease. The size of the sample can be markedly 
reduced without altering the effectiveness of the methods. 
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No explanation can be offered at this time for the variations in 
anticoagulant activity observed in different preparations of 
heparin isolated from rat skin. Ringertz and Reichard (14) 
found no detectable inactivation of heparin by chromatography 
performed at 4°. Since all chromatography in the present in- 
vestigation was carried out at room temperature, it is plausible 
that some degree of inactivation occurred. 

While this work was in progress, Jaques (18) reported the 
isolation from rat skin of heparin with anticoagulant activity 
comparable to those described in this communication. His 
preparation contained 8% acetyl and 5.9% N, indicating possible 
contamination. 

The physiological significance of the presence of heparin in skin 
is obscure, especially since the rat was the only animal investi- 
gated that had significant quantities of this substance, approxi- 
mately 25 mg per 100 g of dry skin. No heparin could be de- 
tected with certainty in hog, guinea pig, rabbit, fetal calf, 
camel, or human skin. 


SUMMARY 


Methods have been described for quantitative extraction and 
separation of hyaluronic acid, the chondroitinsulfuric acids, and 
heparin from the skin of rats. The principle involved in the 
separation procedure was based on the differential solubility of 
mucopolysaccharide-cetylpyridinium complexes in sodium chlo- 
ride. Chromatography of acid mucopolysaccharides on the 
anion exchange resin, Dowex 1-chloride, was also investigated 
and found useful, particularly for resolution of mixtures of 
purified preparations. 

These methods were adopted for the isolation of heparin from 
rat skin, 


Acknowledgment—The authors wish to express their appreci- 
ation to Dr. Burton J. Grossman for the anticoagulant assays. 
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During the germination of fatty seeds such as the castor 
bean, a rapid conversion of fat to sugar occurs (2). The fatty 
acids are probably broken down to acetyl units via 8-oxidation 
(3); the discovery of the glyoxylate cycle enzymes (4) in the 
castor bean endosperm (5) provided a mechanism whereby these 
acetyl units could be quantitatively converted to malate. Since 
malate could be viewed as a sugar precursor, Kornberg and 
Beevers (6) suggested that the glyoxylate cycle, coupled with a 
reversal of glycolysis, afforded a plausible route for the con- 
version of acetate to sugar, which had been previously shown to 
occur with high efficiency in this tissue (7). 

A considerable amount of evidence has now been collected on 
the existence of the enzymes required for such a conversion 
(7-11) in the tissues of fatty seedlings, on the rather strict con- 
finement of malate synthetase and isocitritase to such tissues in 
higher plants, and on the striking changes in activity of these 
enzymes which occur in phase with the changing pace of fat 
breakdown in the developing seedling (8, 9). This evidence, - 
all of it encouraging, must nevertheless be complemented by 
work with the intact tissue to establish the validity of the pro- 
posal in hand. 

Bradbeer and Stumpf (12) have provided valuable data from 
experiments with peanut and sunflower tissues that show that 
the products and some of their labeling patterns after several 
hours in contact with specifically labeled acetate-C™ were those 
predicted if the pathway of conversion were that proposed. In 
this report, more extensive short term experiments are described 
in which a variety of labeled substrates was provided to slices of 
castor bean endosperm. Acetate-1-C'™ and -2-C™ were rapidly 
converted to sucrose and a large portion of the absorbed succi- 
nate-1-C!4, -2-C'4, and malate-C™ also gave rise to sucrose. 
Time studies firmly established the fact that the acetate was 
first converted to di- and tri-carboxylic acids and thence to 
sucrose. The distributions of C' in malate and in the glucose 
moiety of sucrose were those expected from the operation of the 
proposed sequence. The results, therefore, are strong evidence 
that the glyoxylate cycle and a reversal of glycolysis are func- 
tionally important stages in the conversion of fat to carbohydrate 
in vivo. 


* These investigations were supported by National Science 
Foundation Grant G-5072. D.T. Canvin held an X-R Fellowship 
from the Purdue Research Foundation and the results are taken 
from the thesis he presented in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. A preliminary 
report of this work has appeared elsewhere (1). 

+ Present address, Department of Plant Science, University of 
Manitoba, Winnipeg, Manitoba, Canada. 


EXPERIMENTAL PROCEDURE 


Castor beans, variety Cimmaron, were germinated as described 
previously (8). After 5 days the endosperms were excised and 
slices 0.5 mm thick were cut by hand. The slices were washed 
twice in distilled water before use. 

Acetate-1-C!4 was supplied by Nuclear-Chicago Corporation. 
Acetate-2-C™ was a gift from Dr. E. Ramstad. Succinate-1-C' 
and -2-C' were supplied by Volk Radio-Chemical Company, 
Chicago, Illinois. 

Malate-C"™ was isolated by ion exchange chromatography from 
castor bean endosperm which had been allowed to fix CO, for 10 
minutes. The amount of acid was determined by titration with 
standard base and the total activity by persulfate oxidation (13). 
The radioactivity was confined to the carboxy] groups with 66% 
of the C' in carbon 4 as determined by Lactobacillus arabinosus 
fermentation (14). 

Feeding Experiments—One-gram (fresh weight) castor bean 
endosperm slices were incubated with 120 umoles of potassium 
phosphate, pH 5.0, and 5 umoles of acetate-1-C™ (336,000 c.p.m.) 
or 5 umoles of acetate-2-C' (629,000 c.p.m.) in a total volume of 
4.0 ml. Thd incubations were carried out in large Warburg 
flasks (125 ml) at 25°. The dicarboxylic acids were supplied 
under similar conditions as shown in Table XI. 

Carbonate-free 20% NaOH was added to the center wells to 
absorb C“4O,. The carbonate was converted to BaCO; and 
assayed for radioactivity as described below. 

After removal of the NaOH, the tissue was killed by the addi- 
tion of 20 ml of boiling 80% ethanol; the tissue was then suc- 
cessively extracted for 10-minute periods on the steam bath 
with 20 ml of 80% ethanol, 20 ml of 20% ethanol, 20 ml of water, 
and, finally, 20 ml of 80% ethanol. The extracts were filtered 
and combined; the insoluble residue was retained by the filter. 
The combined extracts were taken to dryness in a vacuum on a 
water bath at 40°. The dry residue was successively extracted 
with ethyl ether and water, to yield, respectively, the lipid frac- 
tion and the water-soluble fraction. 

Analytical Methods—The water-soluble fraction was separated 
into three fractions through the use of ion exchange resins. 
These fractions were acidic (mainly organic acids), basic (mainly 
amino acids), and neutral (mainly sugars). The aqueous extract 
was first passed through a 6- XX 1-cm column of Dowex 50-X8 
(H) and the effluent was then passed through a 6- < 1-cm column 
of Dowex 1-X10 (formate)—generated from the chloride form 
with 60 ml of 1 mM sodium formate and 30 ml of 0.1 N formic acid. 
The effluent from this column constituted the sugar fraction. 
The amino acids were eluted from the Dowex 5U resin with 50 
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ml of 1 N NH,OH and the organic acids were eluted from the 
Dowex 1 resin with 40 ml of 4 N formic acid. 

After evaporation of these fractions to dryness in a vacuum on 
a water bath at 40°, the residues were redissolved in 25 ml of 
water and an aliquot taken to determine the radioactivity. 

The sugar fraction was concentrated to a small volume and 
further separated chromatographically on Whatman No. 1 paper 
with the use of the upper phase of ethyl acetate-acetic acid-water 
(6:2:4 by volume) as solvent. After the sugars were located 
with the reagent of Zimmerman (15), they were eluted from the 
paper. Radioactive areas were ascertained by exposing strips 
of the chromatogram to Kodak “no screen” x-ray film. Sucrose 
was hydrolyzed with crystalline invertase (Nutritional Biochem- 
icals) and the products separated chromatographically. The 
amounts of the sugars were determined using the method of 
Dubois et al. (16). 

The organic acid fraction was separated into its constituents 
by gradient elution on ion exchange resins (17). The gradient 
elution apparatus that was used yielded a linear gradient and was 
based on the theory of Lakshmanan and Lieberman (18). 
Formic acid (4 N) was used in the reservoir and the organic acids 
were eluted from an 11l- X 1-cm column of Dowex 1-X10 (for- 
mate). The eluate was collected in 3-ml fractions and the 
radioactive fractions were determined by counting a 0.3-ml 
aliquot on a metal planchet. The radioactive “peaks” were 
identified by their position of elution from the resin, by cochroma- 
tography on paper with authentic samples in ether-formic acid- 
water (5:2:1 by volume), butanol-acetic acid-water (12:3:5 by 
volume), ethanol-ammonia-water (16:1:3 by volume), and by 
the fluorescence of the derivatives formed with resorcinol and 
H.SO, (19). Glucose 6-phosphate was identified by cochroma- 
tography in methanol-ammonia-water (60:10:30 by volume) 
and by cochromatography of the free sugar after treatment 
of the ester with Schwarz’s Polidase. The paper chromato- 
grams were exposed to Kodak ‘“‘no screen” x-ray film; exact 
correspondence of authentic sample and radioactive area was 
used as proof of identity. 

The amino acid fraction was separated by a modification of 
the procedure of Hirs, Moore, and Stein (20). The eluate was 
collected in 3-ml fractions and radioactive “peaks” were deter- 
mined by counting a 0.3-ml aliquot on a metal planchet; amino 
acid ‘“‘peaks” were determined with ninhydrin (21). The amino 
acids were identified by cochromatography in phenol-water 
(80:20 by volume) and butanol-acetic acid-water (12:3:5 by 
volume). 

The glucose moiety of sucrose was degraded by the Leuconostoc 
mesenteroides procedure of Gunsalus and Gibbs (22). The 
ethanol was recovered by distillation and converted to acetic 
acid (23). The residue was acidified to pH 2.0 and the lactate 
extracted with ether. The lactate was degraded to CO. and 
acetic acid (24). Acetic acid was recovered by steam distilla- 
tion and converted to its silver salt by the method of Jourdian 
(25). The silver acetate was degraded by a Schmidt reaction in 
a Stutz and Burris apparatus (26) in which the zinc trap was re- 
placed with a permanganate scrubber (43% KMn0, in 1.0 n 
H.SO,). A weighed amount (10 to 15 mg) of silver acetate was 
placed in a round-bottomed combustion flask and the whole 
cooled to 0° in an ice bath. Two-tenths milliliter of 100% 
H.SO, (precooled in the refrigerator) was added and the flask 
again cooled to 0°. After this, the flask was removed from the 
ice bath, allowed to warm, and shaken until all the silver acetate 
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had dissolved. After recooling the solution to 0°, about 20 
mg of solid NaN; was placed on the surface of the H.SO, and 
the flask placed on the combustion apparatus. After flushing 
with pure N. for 2 to 3 minutes, the system was closed. The 
flask was immersed in a water bath at 70-75° and the reaction 
allowed to proceed for 60 minutes. The COz was flushed from 
the system with N» and collected in baryta. The methylamine 
was recovered by distillation and combusted using persulfate 
(13). 

Malate was degraded with Lactobacillus arabinosus 17-5 (14) 
to CO, and lactate. The lactate was further degraded by the 
above procedures. 

Assay of Radioactivity—All radioactive fractions were assayed 
as BaCQO; on sintered porcelain disks with the use of a Mylar 
window continuous gas flow Geiger-Miiller tube. The counts 
are corrected for background and self absorption. 

The water-soluble compounds were converted to CO, by the 
persulfate method of Katz et al. (13). 

The insoluble material and lipids were combusted in a Stutz 
and Burris apparatus (26) using the wet combustion reagents of 
Van Slyke and Folch (27). 


RESULTS 


Experiments with Acetate-C'\—Acetate was readily and rapidly 
utilized by castor bean endosperm slices; at the end of 2 hours, 
over 60% of the added acetate had been metabolized. The total 
incorporation into water-soluble components and CO, was linear 
over this period and began without any apparent lag. Previous 
experiments had shown that the amounts of acetate that were 
used did not affect the respiratory gas exchanges of the tissue. 

The fate of the metabolized acetate during the course of the 
experiment is shown in Fig. 1. The results with acetate-2-C™ 
are a composite of three separate experiments; because of the 
agreement between the proportional amounts of C™ incorporated 
at the different times, they show the consistency with which 
acetate is utilized by the castor bean endosperm at this stage 
of its germination. The organic acids contained the major part 
of the incorporated C™ during the early periods of incubation, 
regardless of the position of label in acetate. In a short time, 
however, the sugars became the major repository of the methyl 
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Fia. 1. The incorporation of C!4into various fractions obtained 
from castor bean endosperm slices incubated for various times 
with acetate-1-C’ or -2-C'4, 
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carbon of acetate; the carboxyl carbon of acetate, in addition to 
being deposited in sugars, made a sizable contribution of C™ to 


CO,s. It should be noted that, at any time, the carboxyl carbon 
of acetate was incorporated into sugars only one-half as efficiently 
100 
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Fic. 2. The time course distribution of C'* among the various 
fractions obtained from castor bean endosperm slices incubated 
with acetate-1-C™ or -2-C'. 


TABLE I 


Radioactivity of acidic compounds isolated from castor bean 
endosperm which was incubated with acetate-1-C'4 
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as the methyl carbon. This difference was exactly accounted for 
as CQ, at the end of 2 hours and largely accounted for as CO, 
at earlier times. The extremely low conversion of C-2 of acetate 
to CO, (less than 0.07 of that of C-1) should be especially noted. 

Over the 2-hour period, only about 2% of the added C™ from 
either acetate-1-C™ or -2-C'4 was incorporated into the lipid 
fraction and about 2.5% into the insoluble residues; these 
amounts are insignificant compared to the C'™ content of the 
water-soluble compounds and COs. 

The entire acetate molecule is initially incorporated into the 
organic acids (Fig. 2). As time progresses, a diminishing per- 
centage of the C' was found in the organic acids and an in- 
creasing proportion appeared in the sugars and COs. This 
inverse behavior, with the curves for organic acids extrapolating 
clearly to 100% at zero time, is typical of a precursor-product 
relationship and means that the C-labeled organic acids (no 
residual C'-labeled acetate is present in these fractions) were 
rapidly converted to sugars and CO». The radioactivity even 
more rapidly spreads from the organic acids to the amino acids 
(note acetate-1-C'), as would be expected if they were in equi- 
librium with the corresponding keto acid. Only relatively 
small amounts of C' accumulate in the amino acids, however, 
and it appears likely that little net synthesis occurs. 

Although almost all of the incorporated C was present in the 
organic acid fraction at the end of 2 minutes, it was already in 
several compounds (Tables I and II) and it was not possible to 
indict any one compound as the prime recipient of the acetate 
At all times, most of the radioactivity was present 


Time of incubation (min) molecule. 

Compound | : : : in malate from both acetate-1-C'* and acetate-2-C™; at the end 
of 2 minutes it contained 34-37% of the total present in 
oe aa, the organic acids whereas after 2 hours it contained 70 to 75% 
1,140 [2,790 | 8,800 [14,500 {22,250 (32,300 ~ of the C4. With acetate-2-C™, citrate contained more or an 
Succinate....| 750 | 830 | 1,120 | 1,170 | 1,590 | 2,070 equal amount of radioactivity than succinate. With acetate-1- 
Citrate....... 202 316 960 | 1,690 2,150 2,350 C' at the 2- and 5-minute interval, succinate contained more 
Glucose-6-P . . 0 19 434 | 1,010 825 583 C' than citrate. In these two samples, it should be noted, the 
Glycolate.... 0 83 219 370 2,090 | 1,450 total recovery of radioactivity was abnormally low and it is 

Fumarate and possible that much of this loss occurred in the citrate fraction. 
unknowns..., 215 793 «1,830 | 1,840 | 2,610 | 3,550 One-gram castor bean endosperm (fresh weight) contained 
8.7 + 0.5 uw equivalents of malic acid and 1.4 + 0.2 wu equivalents 
dde qd of other acids. The C4 distribution among malate and the 
© tasiwery 2 750 813 92.2 98.9 94.0 96.6 other acids may then only be a reflection of the pool sizes of the 
| various acids. Certainly, the specific activity of succinate and 

TaBLe II 


Radioactivity of acidic compounds isolated from castor bean endosperm which was incubated with acetate-2-C" 


Time of incubation (min) 


Compound 
| 2 | 5 15 | 30 60 | 120 
c.p.m 
472 1,090 1,252 1,900 | 3,230 2,710 
652 1,206 1,478 1,935 3,150 2,360 
| 296 1,509 3,120 4,650 5,450 6 ,080 
| 203 195 843 | 805 1,393 912 
0 134 327 | 882 2,192 3,470 
834 981 689 | 897 1,962 1 , 937 
8,530 10,704 18 ,459 27 ,369 52,277 60 ,069 
3,688 12,187 19 29 ,969 54,781 63,900 
| 95.6 88.0 94.2 91.3 95.5 94.0 
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citrate is equal to or greater than malate even though malate 
contained far more total radioactivity. | 

The unknowns in Tables I and II are the combined activities 
from three separate fractions from the ion exchange column. 
At least five distinct compounds were present (as shown by 
paper chromatography and autoradiography) but the low C™ 
content did not permit identification. 

Aspartate, glutamate, and alanine contained most of the C4 
in the amino acid fraction from acetate-2-C™’ (Table III). In 
the longer time intervals, glycine and serine also became labeled. 
Glutamic and aspartic acids were also labeled from acetate-1-C™ 
(Table IV). 

Malate was isolated from the castor bean endosperm slices and 
degraded stepwise to determine the internal distribution of C™. 
When acetate-1-C' was the substrate, the C! was equally dis- 
tributed between the carboxyl carbons of malate at all time 
periods (Table V). When acetate-2-C™ was used as substrate, 
the radioactivity was initially preponderantly present in carbon 
3 of malate (Table VI). After 5 minutes, the 2 center carbons 
of malate were equally labeled, and after 15 minutes there was 
a small amount of spreading to the carboxyl groups. 

The results of the degradations of the glucose moiety of su- 
crose are shown in Tables VII and VIII. With carboxyl-labeled 
acetate as substrate, 70% of the C'4 was roughly equally distrib- 
uted in carbons 3 and 4. With methyl-labeled acetate, 90% of 
the C' was equally distributed between carbons 1, 2, 5, and 6. 

Sucrose, glucose, and fructose were the only labeled compounds 
of the sugar fraction (Table IX). It can readily be seen that 


TABLE III 


Radioactivity of amino acids isolated from castor bean 
endosperm which was incubated with acetate-2-C™ 


Time of incubation (min) 


Compound 
| 30 | 60 | 120 
c.p.m. 
Glutamate... .. 128 698 (2,570 | 5,760 [12,250 /11,230 
Aspartate...... 369 431 826 1,437 | 2,460 1,720 
Alanine......... 705 | 6,300 {15,000 /|14,300 
Glycine......... 0 0 0 166 815 | 1,136 
Serine.......... | 0 0 0 | 116 378 460 
Unknowns...... | 130 626 | 4,639 
631 1,834 (7,146 13,909 (31,529 33,500 
Total added.... 847 2,838 (8,062 (19,180 (34,700 (40,800 
% Recovery.... 74.4) 64.7 88.7 73.0 91.0 82.5 
TABLE IV 


Radioactivity of amino acids isolated from castor bean 
endosperm which was incubated with acetate-1-C' 


| Time of incubation (min) 


Compound 
| 30 | 60 | 120 
c. p.m. 
Glutamate.......... 49 | 267 «1,070 | 2,150 | 2,950 3,180 
Aspartate........... 197 | 605 1,110 | 1,150 | 1,090 1,040 
Residual*............ 44 448 2,800 | 5,200 | 7,060 | 14,980 


* Calculated by difference from the total radioactivity in the 


amino acid fraction. 
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TABLE V 


Percentage of distribution (based on specific activity) of C'* in 
malate isolated from castor bean endosperm which was 
incubated with acetate-1-C™ 


Time of incubation (min) 


Carbon 
2 5 15 30 eo | 
C; 49.7 | 52.1 | 45.6 | 50.2 | 49-8 | 49.7 
C2 ands 0 0 0 0 
50.3 47.9 | 54.4 49.8 | 50.2 | 50.3 
TABLE VI 


Percentage of distribution (based on specific activity) of C™ in 
malate isolated from castor bean endosperm which was 
incubated with acetate-2-C™ 


Time of incubation (min) 
Carbon 
2 30 | 120 
| | | 
CHOH (2) 10 50.1 48.0 46.4 44.7 44.7 
CH. (3) 90 49.9 47.7 | 46.5 | 44.4 | 45.6 
COOH (4) 0 0 | 1.9 2.8 5.0 4.4 
TaBLe VII 


Percentage of distribution (based on specific activity) of (4 in 
glucose moiety of sucrose isolated from castor bean endosperm 
material which was incubated with acetate-1-C™ 


Time of incubation (min) 
Carbon 

15 30 60 120 
1 3.2 5.8 4.9 8.0 
2 6.0 4.8 5.3 12.2 
3 32.9 37.1 38.7 35.3 
4 43.5 37.6 41.6 29.2 
5 7.4 8.2 5.4 4.2 
6 7.0 6.4 4.0 8.0 

TaBLeE VIII 


Percentage of distribution (based on specific activity) of (4 in 
glucose motety of sucrose isolated from castor bean endosperm 
which had been incubated with acetate-2-C'4 


Time of incubation (min) 

Carbon 
15 30 60 120 
1 22.5 21.5 21.9 22.5 
2 23.8 24.5 23.8 24.0 
3 2.5 4.7 6.0 3.6 
4 3.7 5.3 8.8 9.6 
5 23 .0 21.1 20.8 16.6 
6 24.5 22.7 18.8 23.4 


sucrose was the first free sugar to become labeled and that it 
contained the largest portion of the radioactivity at all times; 
from the specific activity it can also be seen that it was the major 
sugar present. There were at all times about equal amounts of 


free glucose and fructose present in the tissue and when they 
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did become labeled, they contained equal amounts of radioac- 
tivity. 

The sucrose molecule was at all times equally labeled in the 
glucose and fructose moieties (Table X). 

Experiments with C'-Labeled Dicarboxylic Acids—In view of 
the postulated role that succinate and malate play in the gly- 
oxylate cycle, it was hoped that they would be rapidly utilized 
by castor bean endosperm tissue. The C'™-labeled substrates 
were then supplied with the aim in mind of recovering most of 


TABLE IX 


Relative radioactivity and specific activity* (in parentheses) of free 
sugars isolated from castor bean endosperm which was 
incubated with acetate-2-C'4 


Sugar 
Time of 
incubation (min) | 
Glucose | Fructose Sucrose 
c.p.m. 
2 0 (0) 0 (0) 0 (0) 
5 0 (0) 0 (0) 1,480 (2) 
15 270 (14) 221 (14) 10,580 (22) 
30 720 (42) 680 (47) 31,360 (69) 
60 2,010 (103) 1,836 (114) 87 ,300 (132) 
120 4,600 (162) 4,270 (170) 148 ,600 (163) 


* Expressed as c.p.m. per umole of carbon. 


TABLE X 


Specific activity of component hexoses of sucrose isolated from 
castor bean endosperm which was incubated with acetate-2-C'4 


Time of incubation (min) x 


Hexose 
5 | 15 30 60 120 
Glucose. ... aS i 385 736 1,138 
Fructose....; 14.3 111 377 782 1,025 


* Specific activity expressed as c.p.m. per wmole of hexose. 


TABLE XI 


Radioactivity of various fractions obtained from castor bean 
endosperm which was incubated with some C'4-labeled 
dicarboxylic acids 

The incubation mixtures were as follows. Succinate-1-C", 2 
umoles (32,900 c.p.m.); potassium phosphate, pH 5.0, 100 umoles; 
endosperm slices, 500 mg; total volume 2.0 ml. Succinate-2-C", 
4 umoles (65,100 c.p.m.); potassium phosphate, pH 4.0, 144 umoles; 
endosperm slices, 20 g; total volume 4.0 ml. Malate-C'*, 4.05 
pmoles (30,100 c.p.m.); potassium phosphate, pH 5.0, 134 umoles; 
endosperm slices, 1.0 g; total volume 4.0 ml. 


Fraction 

c.p.m. 

1,100 1,474 1,715 

Organic acids...... 31,800 8 ,837 1,110 

Unabsorbed malate....... 22,720 


* Time of incubation. 
t Tissue separated from incubation medium before extraction. 
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the C™ as C4O, and other end products. However, the experi- 
ments were hampered by poor absorption into the tissue and, 
for that reason, the results are more reasonably viewed in rela- 
tion to the acid actually absorbed rather than in relation to the 
amount of acid added. 

In a 4-hour period only about 15% of the added succinate was 
absorbed by the tissue and an additional 4-hour incubation 
period resulted in only an additional 5% absorption. In an 8- 
hour incubation period, only 18% of the malate was absorbed. 
Attempts to increase the absorption of these weak acids by 
decreasing the pH and by intermittent adjustments of the pH 
during the course of the experiment were unsuccessful. 

Although many experiments were performed, only single repre- 
sentative results are shown in Table XI. With succinate-1-C™ 
the tissue and incubation medium were not separated before 
extraction; the major portion of the C' was recovered in the 
organic acids and was shown to be almost entirely succinic acid. 
In an attempt to determine whether this was caused by poor 
absorption or by nonutilization of the acid, the tissue and incu- 
bation medium were separated before extraction in the subse- 
quent experiments. Thus, with succinate-2-C, it was readily 
demonstrated that the largest portion of the acid was not ab- 
sorbed and could be recovered as such in the incubation medium. 
However, C'*-labeled sugars and amino acids were also detected 
in the incubation medium but, since only the tissue was analyzed 
in the experiment with succinate-2-C', in Table XI the amounts 
of radioactivity shown to be in these fractions are minimal ones. 
With malate C' the tissue and incubation medium were separated 
before extraction, but both portions were analyzed for all con- 
stituents and the total radioactivity of each fraction is shown; it 
is seen that here also the major portion of the added C"* can be 
recovered as unabsorbed dicarboxylic acid. 

In viewing the results, particular attention should be paid 
to the amounts of radioactivity deposited in the two end prod- 
ucts of acid metabolism—the COs, and sugars. A large portion 
of the acids which was absorbed was metabolized into these two 
fractions. Further, when the dicarboxylic acid was carboxy]l- 
labeled (7.e. succinate-1-C'4, malate-C'), equal amounts of C™ 
were released as CO» and incorporated into sugar; when the 
acid was center-labeled (7.e. succinate-2-C'’), about seven times 
as much C™ was incorporated into sugar as was released as COs. 

The glucose moiety of sucrose, obtained from castor bean 
endosperm incubated with succinate-2-C™ for 8 hours was de- 
graded and 96% of the C' was found to be equally distributed 
between carbons 1, 2, 5, and 6. 


DISCUSSION 


The problem of the mechanism of the fat to sugar conversion 
(2) in germinating fatty seeds has been one of long standing in 
plant physiology. Although glycerol can be readily converted to 
sugar by castor bean endosperm (28), the respiratory quotient 
(29) and the over-all efficiency of the conversion (2) demand that 
the fatty acids must also be converted to sugar. When the con- 
version is complete in the castor bean endosperm, 50 to 60% of 
the fat can be accounted for as sugar; this value is only a minimal 
value since losses of sugar caused by respiration and synthetic 
events in the embryo proper are not allowed for. The fatty 


acids are probably broken down to acetyl-CoA via B-oxidation 
(3) and thus any proposed mechanism for the fat to sugar con- 
version must be capable of converting acetyl units to hexose 
with at least 60% efficiency. 
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The glyoxylate cycle, described by Kornberg and Krebs (4), 
provides a mechanism for the utilization of C2 units in synthetic 
events. The reactions of the cycle can be summarized as fol- 
lows. 


acetyl-CoA + oxaloacetate — citrate + CoA 
citrate — isocitrate 
isocitrate — succinate + glyoxylate 
suecinate — oxaloacetate 
acetyl-CoA + glyoxylate — malate + CoA 


Sum: 2 acetyl-CoA — malate + 2 CoA 


The net effect of one turn of the cycle is the conversion of 2 Cz 
units to a C, dicarboxylic acid. Kornberg and Beevers (6) have 
provided evidence that the glyoxylate cycle is present in castor 
bean endosperm and the complete pathway from fat to sugar was 
envisaged as: 


fat — fatty acyl-CoA — acetyl-CoA — (glyoxylate cycle) > 
malate — CO, + phosphoenolpyruvate — 
(glycolysis) — carbohydrate 


This proposal would allow for a 75% conversion of acetate to 
hexose. 

The results of the present experiments clearly establish that 
the entire acetate molecule is initially incorporated into the 
organic acids (Fig. 2). Malate, citrate, and succinate contain 
the major portion of the C' from either acetate-1-C™ or -2-C™ 
in the shortest time periods (Tables I and II) and the curves in 
Fig. 2 thus show that these are the earliest stable compounds 
formed from acetate. If the glyoxylate cycle indeed accounts 
for the utilization of acetate, both malate and citrate would be 
the initial repositories of C1 in the experiments with acetate-C". 
From acetate-2-C' the C™ in the malate first produced would 
be expected to be in carbon 3. However, two “turns” of the 
‘eycle would be sufficient to bring about equal labeling in posi- 
tions 2 and 3, and, in all but the very earliest time period, the 
malate was in fact symmetrically labeled in these carbons (Table 
VI). In the experiments with acetate-1-C', apparently none 
of the exposures were short enough to demonstrate a prepon- 
derance of C!* in C-4 of malate. We conclude that the observed 
concomitant entry of acetate-C" into citrate and malate and the 
distribution of the C™ in the malate are consistent with the 
operation of the glyoxylate cycle. 

Succinate-C" is also present at the earliest times during acetate 
utilization, as might have been anticipated from its role as an 
intermediate in the glyoxylate cycle. At no time was succinate- 
present without citrate-C' and malate-C"™ and, in the experi- 
ments with acetate-2-C'™, where fairly complete recovery of the 
acids was achieved (Table II), the radioactivity in succinate 
was clearly less than that in either malate or citrate. As a 
whole, then, the results speak against the participation of the 
persisting but heavily criticized (30) theoretical condensation of 
two acetate units to form succinate (31) for which, it should be 
emphasized, we have no evidence from enzymatic work with this 
material. 

Although radioactive glyoxylate was not isolated, the occur- 
rence of C'-labeled glycine and serine (Table III) and glycolate 
(Tables I and II) is strong presumptive evidence for its produc- 
tion in this tissue. Glycine and serine can easily arise from 
glyoxylate (32) and glycolate could be formed via the mediation 
of glyoxylic reductase (6). Oxaloacetate may be presumed to 
become labeled since radioactive aspartate was isolated (Tables 
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iIlI and IV). Thus, the only intermediates of the glyoxylate 
cycle that were not shown to become labeled from acetate-C™ 
were aconitate and isocitrate. Isocitrate must be rapidly 
metabolized since it could not be demonstrated in spite of several 
attempts; the absence of this acid from castor bean endosperm 
has been reported previously (33). 

The glyoxylate cycle is a variant of the tricarboxylic acid 
cycle (4). Since isocitric dehydrogenase is present in the castor 
bean endosperm (6), and since castor bean mitochondria are 
capable of oxidizing all the tricarboxylic cycle acids (34), it 
would appear that the complete machinery for both cycles is 
present. a-Ketoglutarate is the only member of the tricar- 
boxylie acid cycle that is not a member of the glyoxylate cycle, 
and a measure of its radioactivity would indicate whether the 
tricarboxylic acid cycle is operative. Glutamate may be con- 
sidered to be in equilibrium with a-ketoglutarate through direct 
amination (35). The presence of C!+-labeled glutamate (Tables 
III and IV) shows that some isocitrate is converted to a-keto- 
glutarate. However, it should be recalled that at no time does 
the Cin the amino acids produced from acetate represent more 
than a small percentage of that utilized and that aspartate, 
rather than glutamate, is the most heavily labeled of the amino 
acids in the early periods (Table IV). In previous experiments 
with pyruvate-C“ the glutamate pool contained very low 
amounts of C! (36). Other evidence which indicates that the 
a-ketoglutarate is largely by-passed is as follows. 

1. With acetate-1-C™ the C™ released as CO, is never above 
that incorporated into sugars and with acetate-2-C™ only a very 
small amount is released as COz; it is almost all incorporated into 
sugars. If the tricarboxylic acid cycle were operative, a much 
larger proportion of the C' would be released as COs. 

2. The recycling of acetate-2-C™ in the tricarboxylic acid 
cycle would yield malate with the internal distribution of C™ as 


COOH——CHOH——CH.——-COOH 
16.6% 33.3% 33.3% 16.6% 


whereas recycling in the glyoxylate cycle would yield malate 
with the distribution of 


COOH——CHOH——CH, 
50% 507% 


If both are operative, an intermediate distribution will be ob- 
tained and this is what is found in bacteria (37) in which aspartate 
was obtained with 26% of the label equally distributed in the 
carboxyl groups and 74% of the C"™ in the center carbons. In 
the castor bean, however, 90% of the C' was retained in the 
center carbons even after 2 hours; this suggests that the malate 
must arise almost exclusively by the glyoxylate cycle. 

3. Acetate metabolized via the tricarboxylic acid cycle is 
converted to CO:2 and lost from the tissue. If the losses of sugar 
by respiration and synthetic events in the embryo proper are 
added to the observed 60% conversion of fat to sugar, the effi- 
ciency comes even closer to the maximal figure of 75% predicted 
from the mechanism proposed, and certainly does not allow for 
the loss of acetate as CO. which would occur if isocitrate were 
metabolized by way of a-ketoglutarate. 

We conclude that, in the castor bean endosperm, acetate is 
utilized almost exclusively in the glyoxylate cycle, in spite of 
the fact that all of the enzymes of the tricarboxylic acid cycle are 
present. Although the intracellular distribution of the enzymes 
may be of importance here (11), the precise mechanism of the 
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complete diversion of isocitrate through isocitritase remains in 
doubt. 

It should also be pointed out that, although limited tricar- 
boxylic acid cycle operation will account for the release of CO, 
from acetate-2-C'™ and the observed spreading of C™ from the 
center carbons to the carboxyl carbons of malate (Table VI), 
there is an additional mechanism apparently operative that will 
accomplish the same end result. The production of radioactive 
alanine (Table III) indicates that C'-labeled pyruvate is pro- 
duced. Thus, if center-labeled malate underwent the reactions: 


COOH COOH COOH 

“CO *CO *COCoA 
“cH, “CH, “CH, H; 
coox OOH 


uniformly labeled acetate would be produced. The entry of 
this acetate into the glyoxylate cycle would produce carboxyl- 
labeled malate and, upon decarboxylation of this malate, COs. 

Although the organic acids were the initial acceptors of acetate, 
the time studies make it clear that they were only the precursors 
of sugar (Fig. 2), and more spécifically sucrose (Table IX), 
which was the main product of acetate utilization. 

The labeling patterns that are found throughout the experi- 
ments in glucose (Tables VII and VIII) are similar to those re- 
ported by Bradbeer and Stumpf (12). The distribution is that 
expected from acetate-C™ incorporation if the oxaloacetate 
derived from malate is converted to sugar with the loss of carbon 
4 and a condensation of the remaining three carbons. The 
labeling pattern of the glucose produced from succinate-2-C™ 
would indicate that this C, acid is directly converted to glucose 
by the above mechanism. In addition to the labeling patterns, 
the relatively close 1:1 stoichiometry between the amount of 
C4 in the CO, and the sugars from carboxyl-labeled dicarboxylic 
acids clearly shows that one carboxyl group is lost as COz for 
every carboxy] group incorporated into sugars (Fig. 1, Table XI). 
If the dicarboxylic acids are center-labeled, however, both 
carbons are converted to sugar with little loss as CO. (Fig. 1, 
Table XI). 

Pyruvate is not directly converted to sugar in this tissue (36) 
so it is highly probable that the three-carbon fragment from 
oxaloacetate which enters the glycolytic sequence is phospho- 
pyruvate. Phosphoenolpyruvate carboxykinase is present in the 
castor bean endosperm (10), and is the most likely enzyme in- 
volved in the oxaloacetate to phosphopyruvate conversion on 
thermodynamic grounds (38). Glucose 6-phosphate became la- 
beled with C™ later than the organic acids (Tables I and II) and, 
since it is probably in equilibrium with glucose 1-phosphate, it 
shows that at least one of the glycolytic intermediates becomes 
labeled with C™ in the correct time sequence. The symmetry of 
C4 distribution in glucose strongly indicates that the hexose is 
formed by a condensation of two equivalent trioses in the aldolase 
reaction. 

Sucrose may be synthesized completely from phosphorylated 
hexoses via the UDP-glucose — fructose 6-phosphate trans- 
glucosylase or it may be formed from UDP-glucose and free 
fructose via the UDP-glucose — fructose transglucosylase (39). 
The fact that sucrose was the first radioactive free sugar pro- 
duced from acetate-2-C™ (Table IX) suggests that it is formed 
wholly from the phosphorylated derivatives. The equal specific 
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activity of the glucose and fructose in sucrose (Table X) indicates 
that they arise from a common intermediate and are directly 
incorporated into sucrose with neither being diluted by its 
passage through a pool that is not in equilibrium with the other 
moiety. 

Sucrose production from malate is an endergonic process and 
it is envisaged that the necessary energy is supplied by the 
concomitant oxidation of the fatty acids in the tissue. Theo- 
retically, the energy released during the oxidation of the fatty 
acids is more than enough for the conversion of malate to sucrose 
(38). 

In the longest experiments described here, only 40% of C-2 
and 22% of C-1 of acetate was converted to sugar. However, in 
7-hour experiments (7), 70% of the methyl carbon and 30% of 
the carboxyl carbon was incorporated into sugars. These 
figures come close to the maximal ones expected and emphasize 
that conversion to sucrose is by far the most important fate of 
acetate in the endosperm of the castor bean. 


SUMMARY 


Acetate-1-C'* and -2-C'™, succinate-1-C' and -2-C™, and 
malate-C" were supplied to slices of endosperm from five-day-old 
castor bean seedlings. 

Acetate was rapidly and linearly incorporated into water- 
soluble constituents and CO2. The methyl carbon of acetate 
accumulated solely in sucrose whereas the carboxyl carbon 
contributed label equally to sucrose and CO,. The time course 
study proved that the organic acids were the initial recipients 
of the acetate molecule. The distribution of C™ in the various 
acids coupled with the internal distribution of label in malate 
showed that acetate was incorporated via the glyoxylate cycle. 

Glucose produced from acetate-1-C' contained 70% of the 
C™ equally distributed in carbons 3 and 4 whereas glucose pro- 
duced from acetate-2-C™“ contained 90% of the label equally 
distributed in carbons 1, 2,5, and 6. The glucose produced from 
succinate-2-C™ had an internal distribution of label similar to 
that produced from acetate-2-C™“. Succinate-2-C™ contributed 
about seven times as much C"™ to sugars as to CO2 whereas 
succinate-1-C' and malate-C™ contributed about equal amounts 
of radioactivity to sugars and CO,. The distribution of label 
in the sugars and the stoichiometry between the C" in the sugars 
and CO, indicated that the hexose is formed from Cy, acids by a 
decarboxylation and reversal of glycolysis. 

The evidence suggests that the tricarboxylic acid cycle is not 
operative in the material used and shows that the major fate of 
acetate is conversion to sucrose by way of dicarboxylic acids 
produced in the glyoxylate cycle. 
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An important aim of the steroid analyst is to accomplish 
complete and safe hydrolysis of steroid conjugates before the 
application of the available micro and ultramicro methods of 
steroid separation and of analysis. At the present time reliance 
is placed on preparations of 6-glucuronidase and sulfatase to 
liberate steroids from their glucosiduronic acids and sulfate 
esters, respectively. This practice is fraught with empiricism, 
each laboratory advocating its own brand of enzyme and widely 
differing conditions of incubation. Adding to the complexity of 
this first step in the analysis of urinary steroids, in particular, is 
the frequent presence of @-glucuronidase inhibitors and the re- 
sulting uncertainty of the completeness of hydrolysis. More- 
over, a crude enzyme preparation, e.g. the digestive juice.of the 
edible snail, Helix pomatia, may contribute pigments which can 
find their way into steroid fractions. The difficulty of deciding 
whether certain steroid glucosiduronic acids are themselves re- 
sistant to 8-glucuronidase, or that the effectiveness of the en- 
zyme is reduced by inhibitors has led some investigators (1-3) to 
attempt to separate and purify the conjugated steroids from 
urine and blood. 

It would seem desirable, therefore, to ascertain the suscepti- 
bility to hydrolysis by 6-glucuronidase of individual pure steroid 
glucosiduronic acids, at the optimal pH for each. Moreover, 
for purposes of economy of both enzyme and glucosiduronie acid, 
it does not seem necessary to hydrolyze more than 100 ug of 
steroid glucosiduronic acid, especially since the analytical meth- 
ods to be applied to the products are so sensitive. 

Accordingly, four @-glucuronidase preparations (beef liver, 
Escherichia coli, Patella vulgata, and Helix pomatia) were adjusted 
to the same potency at their respective optimal pH values with 
respect to the hydrolysis of 100 ug of the standard substrate, 
phenolphthalein glucosiduronic acid. With such preparations 
the optimal pH of hydrolysis of similar quantities of each of 
eight steroid glucosiduronic acids was determined, and subse- 
quently the time course of hydrolysis at the optimal pH was 
established. Moreover, a convenient process of preparing highly 


* Aided in part by grants (P-106, P-107) from the American 
Cancer Society and (C-3213) from the National Cancer Institute, 
National institutes of Health, United States Public Health 
Service. 
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purified 6-glucuronidase, free from pigment and sulfatase, from 
the digestive juice of Helix pomatia has been developed. An 
account of these experiments is given in this paper. 

Aside from the practical significance of these results, the data 
contribute to the knowledge of the action of the enzyme on 
steroid glucosiduronic acids as a function of pH. 


EXPERIMENTAL PROCEDURE 


Enzymes—The beef liver 8-glucuronidase, “‘Ketodase,’’ which 
was supplied as a generous gift by the Warner-Chilcott Labora- 
tories, was diluted 1 to 5 with water. At this enzyme concentra- 


tion, 100 ug of phenolphthalein glucosiduronic acid are hydrolyzed | 


completely at the maximal pH of the acid (pH 5.0), after 1 hour 
of incubation at 37° (86 Fishman units (4) per 0.1 ml). 

The limpet (Patella vulgata) B-glucuronidase, kindly supplied 
by Dr. A. E. Kellie of London, was a dry powder. This powder 
(10 mg) was suspended in 3 ml of water and was ground with a 
glass homogenizer previously chilled with ice water. The mix- 
ture was made up to 5 ml with water and assayed 90 units of 
B-glucuronidase at pH 5.0 and 25.0 units of sulfatase at pH 5.8 
(5, 6). 

The bacterial 8-glucuronidase, a commercial product donated 
by the Sigma Chemical Company, St. Louis (300 mg), was sus- 
pended in 5 ml of water and was centrifuged at 5000 r.p.m. at 
0°. The supernatant, although slightly turbid, was used in these 
experiments. It assayed 80 units per 0.1 ml of solution in the 
presence of acetate buffer (pH 5.5). 

The snail (Helix pomatia) B-glucuronidase (‘“‘Glusulase’’) was 
kindly supplied by Dr. Sam Gordon of Endo Products, Inc., and 
was purified (see below) and then was diluted to a potency of 
114 phenolphthalein units per 0.10 ml at pH 5.0. 

Preparation of Purified Helix pomatia B-Glucuron?dase—Two 
steps which simplify and increase the effectiveness of subsequent 
standard purification techniques were introduced early in the 
procedure. In the first, sulfatase which may be an undesirable 
constituent of the preparation was removed by heat denaturation 
(6); and in the second, the use of organic solvents reduced the 
content of troublesome pigment considerably. After heat de- 
naturation, all steps of purification were carried out at 5° or less, 
as convenient. 

The first step results in the heat denaturation of sulfatase. 
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TaBLeE I 
Purification of Helix pomatia B-glucuronidase 
8-Glucuronidase Sulfatase 
Step Treatment Volume Protein 
Total units | “Yield | Total units | Yield 
ml mg/ml % % 
Snail juice 25 52.0 2,928,000 2,340 100 | 15,800,000 | 100 
l Heat denaturation 210 2.7 2,595,000 4,500 87 407 , 000 2.4 
2 Mixed solvent precipitation 70 4.32 | 2,220,000 7,000 76 201,000 1.3 
3 Product of ammonium sulfate fractionation 63 0.85 | 1,720,000 26, 000 60 21,000 0.11 
4 Calcium phosphate gel 93 0.40 | 1,460,000 40,000 50 5,000 0.03 
5 Ethanol fractionation 7 1.0 770,000 80,000 25 0 0 
6 Methanol fractionation 5.8 0.40 262,000 | 110,000 9 0 0 
7 Ethanol fractionation 2 0.33 87,000 | 120,000 3 0 0 


Thus, 8 ml of the juice diluted 3-fold were placed in a large test 
tube (75-ml capacity), set in a beaker of water (200 ml in a 400- 


enzyme, first in ethanol-acetate, next in methanol-citrate, and 
finally in ethanol-citrate. Thus, 100 ml of the material from 


sore ml beaker), and the temperature was raised to and maintained Step 4 were treated by Cohn’s procedure (7) as detailed by 
An at 70-74° for 4 minutes. Then the heated mixture was sus- Alfsen and Jayle (8) to yield a product with a specific activity 
pended in an equal volume of 0.1 m phosphate buffer (pH 6.5) of 60,000 to 90,000 units per mg of protein (Step 5). At this 

data and centrifuged at 20,000 r.p.m. for 20 minutes at low tempera- juncture, no sulfatase activity could be detected. 

— ture. The supernatant was preserved and the residue washed Methanol was added to the solution of Step 5 in the presence 
with phosphate buffer. This washing procedure was repeated of 0.4 m citrate buffer, pH 5.0, at —5°, drop by drop, with stir- 
four times. The washings were pooled with the first superna- ring to three levels of concentration: 33, 45, and 65%. The 

tant (Step 1). As shown in Table I, 87% of the initial 6-glucu- _ resulting precipitates were each dissolved in 0.05 citrate buffer, 
hich _—sronidase was retained, and 97% of the sulfatase was denatured. pH 5.5, and dialyzed (0.1 m phosphate buffer, pH 7.0) over- 
yora- To this supernatant, twice the volume of mixed organic sol- night at 5°. The purest product (Step 6) can be treated again 
itra- vents, consisting of 750 ml of 95% ethanol, 200 ml of acetone, with ethanol as in Step 5, and a lower yield of more highly 
yzed and 50 ml of ether, was added. A precipitate appeared which ' purified 8-glucuronidase (specific activity, 120,000) obtained 

hour was centrifuged at 2500 r.p.m. for 15 minutes. The pigmented (Step 7). 
supernatant which contained no activity was discarded, and Substrates—Phenolphthalein mono-@-glucosiduronic acid was 

plied | the precipitate was dissolved in 0.1 m phosphate buffer, pH 6.5 isolated from rabbit urine according to the method of Fishman 

wder  _—s (Step 2). (9). 

itha Next, to the solution of Step 2, saturated ammonium sulfate Estriol glucuronide (estra-1 ,3,5(10)-trien-3 , 16a ,17@-y1-,16- 

mix- __ solution (2 volumes) was added and the mixture was then cen-_ or 178-glucosiduronic acid) and pregnanediol glucuronide (58- 

ts of __ trifuged at 20,000 r.p.m. for 20 minutes. The resulting precipi- pregnane-3a,20a-diol,3a-glucosiduronic acid) of pregnancy 

{5.8 tate was suspended in 58% saturated ammonium sulfate solu- urine were supplied by the Sigma Chemical Company. 

: tion, and was centrifuged again. The residue was preserved The following steroid glucosiduronic acids were prepared by 
ated and the supernatant discarded. This residue was resuspended organic synthesis (10) and were kindly donated by Professor 
-sus- in 30% saturated ammonium sulfate solution containing 0.05 H. H. Wotiz: estradiol-178-glucuronide (3-hydroxy-estra-1 ,3,5- 
n. at : M citrate buffer (pH 5.5) and the mixture was centrifuged. The  (10)-trien-17@-yl-8-p-glucosiduronic acid); estradiol-bis-glucu- 
these : precipitate was discarded and then solid ammonium sulfate ronide (estra-1,3,5(10) 
1 the added to the supernatant to raise the level of saturation to 65%. acid); pregnenolone glucuronide (20-oxo-pregn-5-en-38-yl-6-p- 

__ The resulting precipitate was dissolved in 0.1 mM acetate buffer, glucosiduronic acid); testosterone glucuronide (3-oxo-androst- 
.was pH 4.5, and adjusted to pH 7.5 by addition of 1.0 N sodium 4-en-178-yl-8-p-glucosiduronic acid); epiandrosterone glucuron- 
, and hydroxide solution (Step 3). ide (17-oxo-5a-androstan-38-yl-8-p-glucosiduronic acid); and 
cy of The yellow-rose-colored solution from Step 3 was treated at dehydroepiandrosterone glucuronide (17-oxo-androst-5-en-36- 

pH 7.5 with tricalcium phosphate gel in three successive steps yl-@-glucosiduronic acid). 

-Two with decreasing amounts of gel (equal volume, 0.5 volume, The concentration of the aqueous solution of these steroid 

yuent 0.25 volume). Sulfatase and yellow pigment were adsorbed on conjugates, respectively, was adjusted to 50 ug of total glucu- 

1 the tricalcium phosphate gel, and the 6-glucuronidase remained in _ronic acid in 0.1 ml after a preliminary determination of gluco- 

rable solution. After centrifugation, this solution was dialyzed over-_ siduronic acid by the method of Fishman and Green (11). 

ation night against 0.1 m phosphate buffer, pH 7.0, at low tempera- Some compounds which are sparingly soluble in water were 

d the ture (Step 4). This product was employed in the experiments warmed to 50° in a hot water bath or their solution was brought 

t de- dealing with the hydrolysis of steroid glucosiduronic acids after about by the dropwise addition of sodium carbonate or sodium 

less, it had been diluted to a strength of 114 Fishman units per 0.1 hydroxide. These substrate solutions were made freshly for 
ml. | each experiment. 

itase. A higher degree of purification results from fractionating the Buffers—Two buffers with a series of pH values (3.5 to 8.5) 
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were made up: 0.1 M acetic acid and sodium acetate buffer 
(3.5 to 5.5) and 0.1 mM sodium phosphate monobasic and dibasic 
buffer (6.0 to 8.5). 

Composition of Digests—The incubation mixture consisted 
of 0.1 ml of enzyme, 0.8 ml of buffer, and 0.1 ml of substrate. 
These mixtures were incubated at 37° for 1 hour at the required 
pH for the experiment, after which time the reaction was 
stopped by boiling the digests for 1 minute. In the case of the 


bacterial enzyme, 0.65 ml of buffer plus 0.15 ml of chloroform 


So. 
C=0 


xe 


OF HYDROLYSIS 


DH 


Fic. 1. 8-Glucuronidase-catalyzed hydrolysis of phenolphthal- 
ein glucosiduronic acid as a function of pH. X——xX, calf liver; 
O——O, Helix pomatia; @——®@, Patella vulgata; A——A, E. 
colt. 


TABLE II 


Optimal pH of hydrolysis of variety of glucosiduronic acids 7 four 
B-glucuronidase preparations 


8-Glucosiduronic acid of Liver E. coli 
Phenolphthalein.... 5.0 5.0 5.0 | 5.5, 7.0 
4.0 3.5 4.0 | 5.5, 6.5 
Estradiol mono-.... 4.5 4.3 4.0 | 6.5 (5.0-8.0) 
Estradiol bis-....... 4.0, 6.5) 3.5 4.5 | 5.0, 7.3 
Pregnanediol....... 4.5 3.5 4.0 | 5.06.5 
Pregnenolone....... 4.0 4.3 4.0 | 4.5, 6.0 
Testosterone....... 4.0 4.5 4.0 | 6.0, 7.0 
Dehydroepiandros- 
NS 4.0 4.0 4.0 | 4.5-7.5 
Epiandrosterone. ... 4.5 4.0 5.0 | 5.5, 6.5, (7.5) 
“GLA 

yylOOr HO j= 

> 80 

260 

x 

of 
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TIME (hrs) 
Fic. 2. 8-Glucuronidase-catalyzed hydrolysis of 

monoglucosiduronic acid as a function of pH and time. 
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8-Glucuronidase Hydrolysis of Steroid Glucosiduronic Acids 
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Fic. 3. 8-Glucuronidase-catalyzed hydrolysis of estriol gluco- 
siduronic acid as a function of pH and time. The position of 
glucuronic acid on ring D is either at 16 or 17. 


was substituted for the customary 0.8 ml of buffer, because bac- 
terial enzyme activity is enhanced by chloroform (12). 

Experimental Design—Each steroid glucosiduronic acid was 
studied in two experiments. In the first, the degree of hydroly- 
sis by four different preparations of @-glucuronidase as a func- 
tion of pH was ascertained. In the second, the time course of 
hydrolysis with these four same preparations was measured at 
the corresponding optimal pH. 

It was possible to employ a single analytical method for meas- 
uring the degree of hydrolysis. Since glucuronic acid is the 
common characteristic product of hydrolysis, the method of 
Fishman and Green (11) for glucuronic acid in the presence of 
glucosiduronic acid was applicable. In every case, blank deter- 


minations of naphthoresorcinol-positive material were per- | 


formed and the test values were properly corrected.! Most 
important was the attempt to adjust the enzyme preparations 
to dilutions at which each barely accomplished 100% hydrolysis 
of the standard glucosiduronic acid, phenolphthalein glucosidu- 
ronic acid, at the optimal pH for each enzyme preparation. In 
this way, the enzyme preparations were most nearly equivalent. 


RESULTS 


Phenolphthalein B-Glucosiduronic Acid—Phenolphthalein 6-glu- 
cosiduronic acid was hydrolyzed by the four enzyme prepara- 
tions over the pH range from 3.5 to 8.5, and the results are 
plotted in Fig. 1. The pH optima for this substrate and the 
(other) steroid glucosiduronic acids have been arranged in 
Table IT. 

Glucosiduronic Acids of Several Phenolic Steroid Estrogens—In 
general, the pH optima for the hydrolysis of the monoglucosidu- 
ronic acids of estradiol (Fig. 2) and estriol (Fig. 3) and of the 
diglucosiduronic acid of estradiol (Fig. 4) were displaced to the 
acid side of the value for phenolphthalein glucosiduronic acid 
in the case of liver, Helix, and Patella enzymes. For the E. 
coli enzyme this was not observed in the case of estradiol bis- 
glucosiduronic acid and estriol glucosiduronic acid. 

As far as the shape of the pH-activity curves is concerned, 
some differences are visible. Thus, both estriol and estradiol 
glucosiduronic acids are hydrolyzed appreciably at a pH above 
the optimum up to pH 8.0 and the curves are not steep as for 
phenolphthalein glucosiduronic acid. Also, the liver enzyme 


1 The £. coli preparation contains appreciable amounts of ma- 
terial which gives a positive naphthoresorcinol reaction. 
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Fic. 4. 8-Glucuronidase-catalyzed hydrolysis of estradiol bis- 
glucosiduronic acid as a function of pH and time. 


shows two peaks (4.0 and 7.5) in the hydrolysis of the bis-gluco- 
siduronic acid. Moreover, the Patella enzyme shows maximal 
activity in the hydrolysis of this substrate and of estriol gluco- 
siduronic acid at pH 3.5. In addition, these substrates are 
hydrolyzed in 1 hour to different degrees of completion at their 
optimal pH by these four enzyme preparations. For estriol 
glucosiduronic acid, E. colt and Helix enzymes were more effi- 
cient during the period of study, whereas for the other two 
glucosiduronic acids, the results were similar after 24 hours of 
hydrolysis. Finally, £. colt enzyme hydrolyzes the estrogen 
glucosiduronic acids at a pH more acid than 4.5 under which 
condition it does not hydrolyze phenolphthalein glucosiduronic 
acid. 

Glucosiduronic Acids of Two Metabolites of Progesterone—As 
in the case of the estrogen glucosiduronic acids, the glucosidu- 
ronic acids of pregnanediol (Fig. 5) and pregnenolone (Fig. 6) 
exhibit pH optima toward the acid side as compared to phenol- 
phthalein glucosiduronic acid, except for the hydrolysis of preg- 
nanediol glucosiduronic acid by E. coli. In the case of preg- 
nanediol glucosiduronic acid, the shapes of the curves resembled 
those for phenolphthalein glucosiduronic acid, and the ease of 
hydrolysis was also comparable. However, with E. coli, hy- 
drolysis at pH 3.5 was appreciable for this steroid glucosiduronic 
acid. Also, at pH 8.0, the liver enzyme was able to hydrolyze 
the glucosiduronic acid of pregnanediol but not that of preg- 
nenolone. It was also observed that the shape of the pH curve 
with the E. colt enzyme differed in both cases. Pregnenolone 
glucosiduronic acid is hydrolyzed less rapidly than pregnanediol 
glucosiduronic acid, but complete hydrolysis is attained in 4 
hours with Patella and E. coli enzymes. 

Glucosiduronic Acids of Testosterone and Several Androgen 
Metabolites—Testosterone glucosiduronic acid is hydrolyzed by 
the enzymes (excepting L. colt) at pH optima (Fig. 7) more acid 
than the corresponding values for phenolphthalein glucosidu- 
ronic acid. The E. coli enzyme appears to be most efficient at 
its optimal pH, but in 4 hours, testosterone glucosiduronic acid 


is completely hydrolyzed by the other three enzyme prepara- 


tions. 

On the other hand, the pH-activity curves for epiandroster- 
one-3-8-glucosiduronic acid (Fig. 8) are quite different from 
testosterone glucosiduronic acid with relatively poor hydrolysis 
in 1 hour at the optimal pH by E. coli and Helix preparations. 

In the case of dehydroepiandrosterone (Fig. 9) as well as 
epiandrosterone glucosiduronic acids, the pH optima, compared 
to phenolphthalein glucosiduronic acid, are shifted to the acid 
side with the four enzyme preparations. However, the order of 
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efficiency of hydrolysis is dissimilar. Thus, for example, liver 
8-glucuronidase is relatively more effective for the glucosiduronic 
acid of epiandrosterone but not dehydroepiandrosterone. 

It is noteworthy that the androgen glucuronic acid conjugates, 
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Fic. 5. 8-Glucuronidase-catalyzed hydrolysis of pregnanediol 
glucosiduronic acid as a function of pH and time. 
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Fic. 6. 6-Glucuronidase-catalyzed hydrolysis of pregnenolone 
glucosiduronic acid as a function of pH and time. 
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Fic. 7. 8-Glucuronidase-catalyzed hydrolysis of testosterone 
glucosiduronic acid as a function of pH and time. 
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Fic. 8. 8-Glucuronidase-catalyzed hydrolysis of epiandroster- 
one glucosiduronic acid as a function of pH and time. 
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Fic. 9. 8-Glucuronidase-catalyzed hydrolysis of dehydreepi- 
androsterone glucosiduronic acid as a function of pH and time. 


TaBLe III 


Hydrolysis of mixture of estriol and estradiol 
glucosiduronic acids by enzyme 


Percentage hydrolysis of 
l E diol 

glucuronide | Mixture 
4.0 40.0 49.0 47.6 
4.0 | 58 .0 58.3 58.5 
Snail juice........ 4.0 | 76.0 80.0 78.0 
§.5 | 80.5 78.0 80.0 


in contrast to those of the estrogens, are more resistant to hy- 
drolysis at a pH alkaline to the optimal value. 

On the whole, it is possible to achieve complete hydrolysis 
within 5 hours at the optimal pH employed with each of the 
four preparations. | 

B-Glucuronidase Hydrolysis of Mixture of Estriol and Estradiol 
Glucosiduronic Acids—In order to investigate the possibility 
that a mixture of steroid glucosiduronic acids might interfere 
with the hydrolysis which each otherwise undergoes separately, 
the following experiment was performed. An aqueous mixture 
of estriol and estradiol glucosiduronic acids was prepared so 
that 0.1 ml of solution contained 50 ug of glucosiduronic acid. 
After 1 hour of incubation (38°) of this mixture with each of 
the four enzyme preparations previously employed, the degree 
of hydrolysis was ascertained from the analyses for liberated 
glucuronic acid. The results appear in Table III and show that 
there is no substrate competition leading to inhibition of the 
individual hydrolytic rate. 


DISCUSSION 


The discussion of the experimental results will consider in 
order the nature of the four 8-glucuronidase preparations, the 
purification of Helix pomatia B-glucuronidase, and an analysis 
of the results obtained in the comparative study of steroid gluco- 
siduronic acids. 

Nature of 8-Glucuronidase Preparations—Commercially pre- 
pared beef liver 6-glucuronidase has been purified along the 
lines described by Bernfeld and Fishman (12, 13) to a specific 
activity of around 5000 Fishman units per mg of protein. The 
preparation is in solution, is stable, and well standardized. 
Other mammalian sources of 8-glucuronidase which have been 
employed for steroid glucosiduronic acid hydrolysis have been 
spleen (14) and rat liver (15). 

The bacterial glucuronidase (16) is commercially available 
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usually as a lyophilized whole culture which, however, does not 


go into solution with buffer or water. The enzyme is produced 
by adapting the organisms to menthol or borneol glucosiduronic 
acids present in the medium during their growth (16, 17). 


Bac- 


terial 8-glucuronidase is distinguished from the other prepara- — 
tions by hydrolyzing best at a pH close to neutrality. Many — 


investigators employ an aqueous suspension for hydrolysis. 
However, the enzyme appears to be activated by the chloroform 


and other organic solvents which remain in the aqueous phase ~ 


of the urine after extraction with organic solvents (18). 


The digestive juice of the edible snail Heliz pomatia is a rich © 
source of 8-glucuronidase, sulfatase, and other enzymes (19-21). — 
The native digestive juice, available commercially, is a greenish — 
brown viscid liquid assaying around 160,000 Fishman units of — 


8-glucuronidase and 760,000 sulfatase units per ml. 


This prepa- 


ration is also stable and is usually employed without purification. — 
Another molluscan source of 8-glucuronidase is Patella vulgata, — 
the marine periwinkle, which the British workers have prepared : 


as a dry powder (22). 
chloride solution. 


It is employed as a supension in potassium — 


Other sources of 8-glucuronidase which have been used for — 
hydrolysis of glucosiduronic acids are crop juice of the grass- — 


hopper (23), rat preputial gland (24), and plants (25). 


Purification of Helix pomatia 8-Glucuronidase—Of the four 
sources mentioned above, the only refined preparation is that of — 


beef liver. 


In this connection, the purification of Helix pomatia — 


8-glucuronidase was undertaken to provide another purified 


product free from pigment. 
purification deserve mention. 


It was found that, at temperatures between 65° and 75°, | 


sulfatase is preferentially destroyed, leaving most of the B-glucu- 
ronidase intact (6). This heat denaturation removes a considera- 
ble amount of pigment and produces a uniform starting material. 
Next, the application of organic solvent precipitation (26) also 
increases purity and removes contaminating pigment. The 
application of ammonium sulfate fractionation (12, 26) combined 
with calcium phosphate gel treatment (27) removed the last 
trace of sulfatase and pigment. At Step 4 the yield was 50 to 
60%, and the purification was good and reproducible. At- 
tempts at further purification through the use of methanol and 


ethanol were successful in improving purity, but with a serious | 
loss in total enzyme activity. Occasionally at Step 5 crystals 


similar to those described by Alfsen (27) were observed. On 
recrystallization with ethanol and zine acetate, activity was no 
longer present. 
the hydrolysis of steroid glucosiduronic acids. 


Analysis of Results—The basis of the comparative data on — 


steroid glucosiduronic acids is the Fishman and Green method 
for glucuronic and glucosiduronic acids. 
naphthoresorcinol determination of glucuronic acid before and 
after hypoiodite oxidation of the aldehyde group of free glucu- 
ronic acid provides a measure of glucuronic and glucosiduronic 
acids. Since glucuronic acid is a product of the hydrolysis of 
each steroid substrate, its measurement makes it possible to 
apply a single method to the analytical study of the hydrolysis 
of nine different glucosiduronic acids. 

Several considerations decided the organization of the hydro- 
lytic experiments. The amounts of steroid glucosiduronic acids 


chosen were in the neighborhood of 100 ug, since this quantity 
would provide an ample supply of free steroid and glucuronic 
Next, it 


acid for subsequent analysis by current procedures. 


The following features of the 


The preparation at Step 4 was employed for 


In this procedure, the 
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seemed fair to evaluate each enzyme preparation only when it 
was adjusted to the same potency and then permitted to act on 
100 ug of steroid glucosiduronic acid over a suitable pH range. 
Finally, the hydrolysis as a function of time was accomplished 
at the optimal pH of hydrolysis of the particular steroid gluco- 
siduronic acid by the given enzyme preparation. 

With regard to the categories of steroid glucosiduronic acids, 
it should be noted that in each class, the pH optimum for each 
of the four preparations registered below the pH optimum for 
the standard substrate phenolphthalein glucosiduronic acid. 
Conjugates of the pregnane compounds are hydrolyzed more 
readily than either the estrogen group or the androgen group. 

In conclusion, there is no evidence for a clear superiority of 
any one enzyme preparation for all the steroid glucosiduronic 
acids studied here. It appears rather that a judicious selection 
of optimal conditions will result in a good performance of any 
one of the four enzyme preparations. Insofar as interference 
by contaminating pigment in the subsequent determination of 
free steroid may be serious, it is obvious that purified prepara- 
tions of enzymes are to be preferred. 


SUMMARY 


1. A convenient method is described for preparing from the 
digestive juice of the snail, Helix pomatia, B-glucuronidase of 
high purity which is free from sulfatase and pigment. 

2. This preparation and three other 6-glucuronidase products 
(Escherichia coli, Patella vulgata, and beef liver) were adjusted 
so that at their respective optimal pH values, they completely 
hydrolyzed 100 wg of the standard substrate phenolphthalein 
glucosiduronic acid. 

3. The ability of these 8-glucuronidase preparations to hydro- 
lyze 100-ug quantities of a number of steroid glucosiduronic 
acids was determined as a function of pH and time. The sub- 
strates included estriol glucuronide (estra-1 ,3,5(10)-trien-3, - 
16a ,178-yl-168- or 178-glucosiduronic acid); pregnanediol 
glucuronide (5@-pregnane-3a ,20a-diol ,3a-glucosiduronic acid); 
estradiol-178-glucuronide (3-hydroxy-estra-1 ,3,5(10)-trien-17{- 
yl-6-p-glucosiduronic acid); estradiol-bis-glucuronide (estra- 
1,3,5(10)-trien-3 , 178-ylene-8-p-glucosiduronic acid); pregneno- 
lone glucuronide 
acid); testosterone glucuronide 
p-glucosiduronic acid); epiandrosterone glucuronide (17-oxo-5a- 
acid); and dehydroepian- 
drosterone glucuronide (17-oxo-androst-5-en-38-yl-8-glucosidu- 
ronic acid). 

4. In general, the optimal pH for the 6-glucuronidase-cata- 
lyzed hydrolysis of these substrates was more acid than the pH 
optimum for phenolphthalein glucosiduronic acid in the case 
of the nonbacterial 8-glucuronidase preparations. 

5. The pH-activity curves reflect at times the structure of 
the aglycone, as in the case of pregnanediol glucosiduronic acid 
as opposed to pregnenolone glucosiduronic acid, and of estradiol 
bis- as opposed to estradiol mono glucosiduronic acids. 
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6. No one enzyme preparation was uniquely superior with 
regard to efficiency of hydrolysis of all the substrates studied. 
However, the data do permit a choice in the case of several 
steroid glucosiduronic acids. 
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The influence of prolactin and various other pituitary hor- 
mones on the initiation and maintenance of lactation has been 
the subject of frequent investigations during the past few decades 
(1-5). Species variation and the complexities inherent in 
ablation and substitution experiments in vivo have led to a vast 
and conflicting literature (6). Studies of rat mammary gland 
slices have indicated that glucose utilization and incorporation 
into fatty acids increase from gestation to lactation (7, 8), that 
the hexose monophosphate pathway is operative (9, 10), and 
that prolactin added in vitro increases tissue respiration (11), 
oxidation of C!- and C®-labeled glucose (12, 13), and incorpora- 
tion of glucose into lipid (13). 

The present study demonstrates an effect in vitro of prolactin, 
adrenocorticotropin, and growth hormone on glucose metabolism 
of rat mammary gland slices. In addition, the influence of these 
hormones on glucose metabolism at various stages of physio- 
logical activity of mammary tissue are compared. 


EXPERIMENTAL PROCEDURE 


Sprague-Dawley rats were supplied from the National Insti- 
tutes of Health animal farm. A litter of eight pups was kept 
with lactating animals until approximately 12 hours before 
death. Animals were fed ad libitum until they were killed by a 
blow to the base of the skull. The two large abdominal mam- 
mary glands were quickly removed, freed from connective tissue 
membranes, and then slices were prepared using a Stadie-Riggs 
microtome. Because of variations among animals, one animal 
was used for a complete experiment by incubating slices from 
one gland with glucose-1-C™ plus added hormones and the other 
gland with glucose-6-C“ and the corresponding hormones. 
Chilling was avoided during preparation of slices. 

Mammary gland slices weighing approximately 100 mg were 
added to modified 25-ml Erlenmeyer flasks containing 2 ml of 
Krebs-Ringer bicarbonate buffer, pH 7.3, 1 mg per ml of 
glucose, 0.25 we of glucose-1-C™ or glucose-6-C™ (250,000 ¢.p.m.), 
and the hormone to be studied. The flasks were gassed with 
95% O0-5% COs, sealed, and incubated for 45 minutes at 37° 
on a Dubnoff metabolic shaker. The reaction was stopped by 
the addition of 0.1 ml of 10 N H.SO,, after 1 ml of hyamine base 
was added to the center well via a hypodermic syringe. The 
evolved CO, was trapped in the hyamine during a 1-hour diffu- 
sion at room temperature and then was counted in a liquid 
scintillation spectrometer (14). All results are expressed as 
counts per minute of CO, per gram of mammary gland per 
45-minute incubation, unless otherwise noted. 

In experiments designed to observe the effects of anterior 


pituitary hormones on glucose oxidation of rat liver and dog 
thyroid, slices were prepared and incubated in the same manner 
as for mammary tissue, except that the slices were kept on ice 
before being used. The human leukocytes were obtained by 
fibrinogen sedimentation (15) and 5-ml aliquots were incubated 
with glucose-C and appropriate hormones. Epididymal fat 
pads were removed and handled as described by Winegrad and 
Renold (16). 

Glucose-1 and -6-C" (specific activities, 6.4 we per mg and 4 
mc per mg, respectively) were purchased from the National 
Bureau of Standards. Hydroxide of hyamine, 1 M in methanol, 
was obtained from the Packard Instrument Company, Inc. 
Ovine prolactin, 15 i.u. per mg, bovine growth hormone, 1.53 
times the U.S.P. reference standard, FSH,! 2.6 times the Armour 
standard, and ovine-luteinizing hormone were gifts of the Endo- 
crinology Study Section of the National Institutes of Health. 
Bovine TSH, 1.4 units per mg, was a gift from Dr. Robert Bates 
of the National Institute of Arthritis and Metabolie Diseases. 
The prolactin preparation contained as impurities per mg, 
0.00025 i.u. of ACTH, less than 0.01 unit of growth hormone, 
and not more than 0.05 unit of oxytocin. The growth hormone 
was contaminated with approximately 0.33 i.u. of prolactin and 
0.00025 i.u. of ACTH per mg, and was not assayed for posterior 
pituitary hormones. FSH and luteinizing hormone contain 
insignificant amounts of prolactin, ACTH, and growth hormone 
as impurities. ACTH, 25 U.S.P. units per ampule, was pur- 
chased from the Upjohn Company. Crystalline zine insulin 
(U40) was obtained from Eli Lilly and Company. Glucose was 
measured by the glucose oxidase method (Glucostat, Worthing- 
ton Biochemical Corporation). 


RESULTS 


Effects of Various Hormones on Glucose Oxidation during 
Gestation, Lactation, and Weaning—Of the various anterior 
pituitary hormones studied, prolactin, growth hormone, and 
ACTH increased glucose oxidation in vitro, whereas luteinizing 
hormone, FSH, and TSH had no effect. 

To establish the optimal period in lactation for metabolic 
studies, a survey of glucose oxidation and hormonal responsive- 
ness at various stages of physiological activity was undertaken, 
the results of which are shown in Table I. 

The concentration of prolactin and growth hormone in these 
studies was 0.5 mg per ml, and that of ACTH, 0.5 unit per ml. 
The presence of the hexose monophosphate pathway is indicated 


' The following abbreviations are used: ACTH, adrenocortico- 
tropin; FSH, follicle-stimulating hormone; TSH, thyrotropin. 
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TABLE I 
Effects of prolactin, ACTH, and growth hormone on glucose-C'* oxidation by mammary tissue at various stages of 
physiological activity 
Glucose concentration was 2 mg per 2 ml, and there were 250,000 c.p.m. of glucose-1-C™ or glucose-6-C™ as indicated. The results 


are the average of duplicate experiments. 


The percentage of increase in C!*O, production is indicated by the number enclosed in 


parentheses. 
CO: derived from 
Day Stage Glucose-1-C'™ Glucose-6-C'™ 
Control Prolactin | Growth hormone | ACTH Control | Prolactin | Growth hormone | ACTH 

ee c.p.m./g/45-min incubation c.p.m./g/45-min incubation 

20 Gestation 23,700 | 36,400 (54) 27,300 (15) 32,525 (37) 11,500 16,000 (38) 18,500 (60) (15,400(34) 

4 Lactation 21,750 | 27,200 (25) 25,200 (16) 30,300 (40) 6,100 | 8,900 (48) 8,700 (45) 7, 700(28) 

11 Lactation 308 ,200 432,500 (40) 401,500 (30) 453 ,000 (47) 47,500 | 42,000 (—14) | 44,400 (—6) |55,175(17) 

15 Lactation 107 ,300 (188,250 (76) 202,750 (88) 144,350 (34) 24,600 | 27,000 (10) 37,550 (53) (33,300(36) 

21 Lactation 161,000 |264,800 (64) 260,250 (62) 263,750 (64) 21,200 | 23,000 (11) 25,800 (21) (22,350(5) 

2 Postlactation 35,000 | 45,100 (30) 44,000 (24) 11,200 | 10,800 (—4) 12,150 (9) | 

4 Postlactation 42,800 | 35,400 (—17) | 29,300 (—30) | 33,100 (—22) 3,110 | 5,100 (65) 3,800 (23) | 2 ,665(— 16) 

5 Postlactation 47,100 | 46,300 (—2) 50,100 (6) 40,350 (—11) 3,700 | 5,000 (35) 5,300 (40)  7,360(97) 


by the finding of a greater amount of C™O:2 from glucose-1-C"™ 
compared to CQ, derived from glucose-6-C™ (17). As lacta- 
tion progresses there is an increase in glucose oxidation, and then 
a fall during weaning. Prolactin, growth hormone, and ACTH 
increase glucose-1-C™ oxidation in gestation and early lactation, 
and to an even greater degree toward the end of lactation. 
After weaning the effect of these hormones on glucose-1-C™ 
oxidation diminishes rapidly. When glucose-6-C™ oxidation 
was measured, the effects of prolactin differed from those of 
growth hormone and ACTH. In late gestation and early lacta- 
tion, glucose-6-C4 oxidation was increased by all three hormones. 
However, in late lactation (11 to 21 days) prolactin affected 
glucose-6-C' oxidation only minimally, whereas growth hormone 
and ACTH often increased it. After the second day of weaning, 
prolactin, ACTH, and growth hormone increased glucose-6-C™ 
but not glucose-1-C™ oxidation, although the hexose monophos- 
phate pathway continued to be operative. 

In the remaining experiments to be described, mammary 
gland tissue from 20- or 21-day lactating rats was used, since 
the above data indicated that this was a very responsive stage 
for metabolic studies. 

Effect of Varying Concentrations of Prolactin, Growth Hormone, 
and ACTH on Glucose Oxidation by Mammary Gland Slices—A 
small but consistent increase in oxidation of glucose-1-C™ was 
noted with concentrations of prolactin, growth hormone, and 
ACTH as low as 5 ug or 0.005 unit per ml (Fig. 1). With pro- 
lactin a maximal effect was reached with 25 ug per ml. When 
glucose-6-C™ was the substrate, prolactin effected little, if any, 
increase in oxidation at concentrations of 5 or 50 wg per ml and 
only a slight increase with 500 wg per ml. This contrasts with 


growth hormone and ACTH, both of which caused an increase 


in C40, production at 5, 50, and 500 wg or microunits per ml. 
Time Study of Effect of Prolactin on Glucose Oxidation—The 
effect of prolactin (50 ug per ml) on the oxidation of glucose-1- 
C4 and glucose-6-C"™ at varying time intervals is shown in Fig. 
2. There is no increase in glucose-1-C" oxidation at 5 minutes, 
but it is evident at 20 minutes and increases with time. The 
amount of CO: from glucose-6-C' was the same whether pro- 
lactin was present or not. ACTH and growth hormone caused 
a similar increase in glucose-1-C™ oxidation within 20 minutes. 


Hormonal Effects on Glucose Uptake by \lammary Gland Slices 
—Prolactin and ACTH caused a significant increase in glucose 
uptake, as measured by the disappearance of this hexose from 
the incubation media over a 2-hour incubation. With growth 
hormone there was a suggestion of an effect, but it was not 
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Fic 1. Increase in glucose-C'* oxidation to CO. by varying 
concentrations of prolactin, ACTH, and growth hormone in mam- 
mary gland slices. Glucose concentration was 2 mg per 2 ml and 
there were 250,000 c.p.m. of glucose-1-C™ or glucose-6-C" in ap- 
propriate flasks. The scale for glucose-6-C"™ oxidation is 4 times 
greater than the one for glucose-1-C'* oxidation. The results are 
the average of duplicate experiments. 
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statistically significant. As shown in Table II, the increase was 
in the range of 17 to 25% above basal values of 3.77 mg per 
gram of tissue per 2-hour incubation. 

Influence of Insulin on Glucose Oxidation by Mammary Gland— 
The oxidation of glucose-1-C' to C“O, in mammary gland slices 
was increased by addition to the incubation media of 0.5 unit 
of insulin per ml, although this effect was not consistent. When 
glucose-6-C was used as substrate there was a marked decrease 
in the CO, evolved in the presence of insulin, a finding which 
has previously been reported (18, 19). This marked decrease 
in glucose-6-C™ oxidation was not seen with prolactin, growth 
hormone, or ACTH (Tables I and III). 

Influence of Pituitary Hormones on Glucose Oxidation of Other 
Tissues—There was no effect of prolactin, growth hormone, and 
ACTH on glucose-1-C™ or glucose-6-C™ oxidation by rat liver, 
dog thyroid, or human leukocytes, tissues that possess an active 
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Fic. 2. Time study of the effect of prolactin on glucose-C™ 
oxidation in mammary slices. The glucose concentration was 2 
mg per 2 ml and there were 250,000 c.p.m. of glucose-1-C™ or 
glucose-6-C'* in appropriate flasks. The results are the average 
of duplicate experiments. 


TaBLeE II 
Effect of anterior pituitary hormones on glucose uptake by rat 
mammary gland slices 
The glucose concentration was 2 mg per 2 ml, and the slices were 
incubated for 2 hours. 


Substance Amount/flask Glucose uptake* p 
mg/g tissue/2-hr incubation 
3.78 + 0.13 (12)T 
Prolactin.......... 0.1 mg 4.54 + 0.13 (12) < 0.02 
4.70 + 0.15 (12) <0.01 
Growth hormone... 0.1 mg 4.39 + 0.16 (12) <0.1 


* Mean + standard error. 
+ Number of determinations. 
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TaBLe III 
Effect of tnsulin on oxidation of glucose-6-C'4 in 
mammary gland slices 

The glucose concentration was 2 mg per 2 ml, and approxi- 
mately 250,000 e.p.m. of glucose-6-C' were added to each flask. 
The insulin concentration was 0.5 unit per ml. Each experiment 
is the average of two or more flasks, and a separate animal was 
used in each study. 


production 
Experiment 
No. 
Control Insulin °%, Decrease 
c.p.m./g/45-min incubation 
15,000 | 9,000 40 
2 8,000 | 4,500 44 
3 8,182 4,198 49 
4 21,649 12 ,807 40 
TABLE IV 


Stimulation of glucose oxidation by epididymal fat with 
prolactin, ACTH, and growth hormone 
Glucose concentration was 2 mg per 2 ml, and there were 250,000 
c.p.m. of glucose-1-C' or glucose-6-C' in appropriate flasks. 
The concentration of prolactin and growth hormone was 0.5 mg 
per ml, and that of ACTH was 0.5 unit per ml. Results are the 
average of four experiments. 


derived from 
Hormone Concentration/ml 
Glucose-1-C' Glucose-6-C'4 
c.p.m./g /45 min incubation 
Control......... 14,976 | 4,173 
Prolactin. ...... 0.5 mg 36,000 5,548 
0.5 unit 34,193 23,310 
Growth hormone’ 0.5 mg 33,141 19 ,558 


hexose monophosphate pathway. Effects of prolactin, growth 
hormone, and TSH on glucose oxidation by rat epididymal fat 
were similar to those previously reported (19, 20). In addition, 
ACTH (0.5 unit per ml) caused a marked increase in both glucose- 
1-C and glucose-6-C™ oxidation (Table IV). 


DISCUSSION 


The necessity for prolactin in the initiation and maintenance 
of lactation of hypophysectomized rats (3) lends support to the 
view that this hormone is important in mammary gland metab- 
olism. Growth hormone and ACTH appear to affect glucose 
metabolism of mammary tissue in vitro, although from the studies 
of Abraham et al. (3) they do not appear to be essential for 
initiation or maintenance of lactation. FSH, luteinizing hor- 
mone, and TSH had no influence on glucose oxidation of mam- 
mary tissue in the present study. 

The mechanism by which these anterior pituitary hormones 
increase glucose oxidation invites speculation. Bradley and 
Cowie (22) have found that the uptake in vitro of glucose by 
mammary tissue from hypophysectomized, lactating rats is 
significantly decreased. Whether this is related directly to 
removal of pituitary hormones or is secondary to a diffuse effect 
on tissue metabolism in general cannot be stated. The increased 
glucose uptake observed may be related to a specific effect of 
prolactin, growth hormone, and ACTH on transport or activa- 
tion of glucose. Potentiation of tissue-bound insulin would 
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seem less likely in the light of the increased or unchanged C“O, 
production noted, compared to the depressant effect of insulin 
on glucose-6-C oxidation (see Table III). As shown by Jeanre- 
naud and Renold in adipose tissue (23), increasing glucose or 
insulin concentrations lead to qualitatively similar increases in 
glucose oxidation, with a greater effect on glucose-1-C" at higher 
glucose concentrations. Thus, what appears to be a stimulation 
of one metabolic pathway by insulin or anterior pituitary hor- 
mones may in reality be a secondary effect related to the amount 
of intracellular glucose 6-phosphate available, and to the affinities 
of glucose 6-phosphate dehydrogenase and _ phosphohexose- 
isomerase for this substrate. From the present data it is not 
possible to establish this point. 

McLean recently reported that prolactin, in vitro, stimulated 
glucose oxidation by gestating mammary slices, but had no 
effect on tissue from midlactation (13). Her system contained 
a glucose concentration of 350 mg per 100 ml compared to 100 
mg per 100 ml of glucose in the present study. The high glucose 
concentration could mask an effect of prolactin on glucose oxida- 
tion, as described in adipose tissue (23), but does not explain 
why under similar conditions the gestational mammary tissue 
was responsive to prolactin. 

Early in the course of these studies it became apparent that 
the results obtained differed at different stages of lactation. By 
using animals at various periods of gestation, lactation, and 
weaning, we were able to see certain qualitative differences in 
glucose oxidation and hormonal responsiveness (see Table I). 
This is not surprising, in view of studies indicating an increase 
in glucose uptake and hexose monophosphate shunt activity 
(8, 24) as lactation progresses. . Histological study of tissue from 
gestational or early lactating glands revealed approximately 30 
to 50% adipose tissue diffusely spread through the gland. In 
late lactation the amount of adipose tissue was minimal, perhaps 
5%, and it was located peripherally where accessible to removal 
by dissection. Since effects in mtro of prolactin and growth 
hormone on glucose metabolism by adipose tissue have been 
reported (20) (Table IV), it seems likely that the variability of 
results with mammary tissue may be partly related to adipose 
tissue contamination as well as to differences inherent in the 
tissue. It is possible that the effects reported in this paper 
might be due to a common contaminant in these three hormone 
preparations or perhaps to an effect on adipose tissue in the 
mammary gland. 

The evidence in favor of a specific effect of prolactin, growth 
hormone, and ACTH on 21-day lactating mammary gland 
metabolism consists of the following observations. (a) Glucose- 
1-C'4 oxidation is increased by all three hormones, but glucose- 
6-C™ oxidation is increased by only ACTH and growth hormone. 
Prolactin has little, if any, effect on glucose-6-C™ oxidation, as 
contrasted to a stimulation in adipose tissue (20). (6) Thyroid- 
stimulating hormone increases glucose oxidation by epididymal 
fat pad (21), but has no effect on either glucose-1 or 6-C" oxida- 
tion in mammary tissue. (c) An increase in oxidation of glucose- 
1-C'* and glucose-6-C™ is effected by insulin in epididymal fat, 
but in mammary tissue there is a significant decrease in C40, 
production from glucose-6-C™ (see Table II and (18, 19)). (d) 
Significant adipose tissue is absent in 21-day slices. 

The hormones used in the present investigation were not 
pure, and it is impossible to be certain that the effects on glucose 
metabolism noted were specifically related to prolactin, ACTH, 
and growth hormone. The results of the dose-response studies 
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(Fig. 2) support the assumption that we were measuring these 
hormones, since effects were noted with prolactin in amounts as 
low as 5 wg per ml, and a maximal effect was obtained with 25 
ug per ml. Growth hormone and ACTH likewise increased 
glucose oxidation at concentrations as low as 5 wg or 0.005 unit 
per ml. 


SUMMARY 


The uptake and oxidation of glucose by rat mammary tissue 
is increased in vitro by the anterior pituitary hormones, prolactin, 
adrenocorticotropin, and growth hormone, in concentrations as 
low as 5 wg or 0.005 unit per ml. Follicle-stimulating hormone, 
thyrotropin, and luteinizing hormone had no influence on glucose 
oxidation. 

The glucose metabolism and hormonal responsiveness of 
mammary tissue at various stages of physiological activity have 
been studied. The presence of variable amounts of adipose 
tissue is noted, and its contribution to results in metabolic 
studies is discussed. 

Reasons for a specific effect in vitro of these hormones on 
mammary gland metabolism, and possible mechanisms of hor- 
mone action are cited. 


Acknowledgments—The authors are indebted to Mrs. Betty 
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The isolated perfused liver has been used by several investiga- 
tors to study the problem of the form in which chyle fat is re- 
moved from the circulation by this organ (1, 2). In general, 
these experiments have estimated the rate of uptake and oxida- 
tion of chylomicron fat labeled with palmitic acid-1-C™ and the 
effect of the heparin-clearing reaction on these processes. Thus, 
these investigations have dealt only with the fate of the carbon-14 
tracer and have been confined largely to the total lipid fraction. 
The distribution of the carbon-14 label into the various lipid 
classes of the blood has not been considered, although Hillyard 
et al. (2) have analyzed both the phospholipid-C'™ and nonphos- 
pholipid-C™ fractions of the liver lipids. More importantly, 
lipid levels have not been measured in the perfusate and quantita- 
tive analyses of bile and liver lipids have not been carried out. 

This investigation will: (a) ascertain the contributions by 
livers from fed and fasted rats to the plasma lipids, both as to the 
distribution of the carbon-14 label derived from palmitic acid-1- 
C'4_labeled chylomicrons, and as to the quantities of the various 


lipid classes found in the plasma; (b) determine the net loss or 


gain in the lipid, glucose, and lactic acid of the whole system; (c) 
investigate the relationship of glucose availability to lipid metab- 
olism; and (d) study the ability of the isolated perfused liver to 
maintain a normal glucose level. 


EXPERIMENTAL PROCEDURE 


Animals—Female Sprague-Dawley rats 12 to 15 weeks of age, 
weighing 220 to 250 g were used as liver donors. The liver 
donors were either fed or fasted as indicated in the experiment. 
The blood was taken from about 25 fed female Sprague-Dawley 
rats 3 to9 months of age. All the rats were given Purina labora- 
tory chow and tap water ad libitum. 

Preparation of Chylomicrons Containing Palmitic Acid-1-C'*— 
C'_labeled chylomicrons were prepared the day before their 
use. Female Sprague-Dawley rats (200 to 240 g) were fasted for 
24 hours and the thoracic ducts were cannulated by a method 
‘similar to that used by Bollman et al. (3). However, in no case 
was an anticoagulant used. The animals were then fed, by 
stomach tube, 0.5 ml of olive oil containing 2.5 mg of palmitic 
acid-1-C™ with a specific activity of 5 me per mmole. The 
lymph was collected and allowed to clot at room temperature. 
The defibrinated lymph was mixed with 1.1% NaCl, and the 
mixture was centrifuged in the Spinco model L ultracentrifuge 
(rotor 40.3) at 5° for 30 minutes at 37,500 r.p.m. This washing 


procedure was repeated a total of three times. At the end of the 
third wash the top turbid layer was removed, diluted with 0.9% 
NaCl solution, and placed in a refrigerator at 4°. 

Liver Perfuston—The apparatus used for the perfusion of the 
liver was essentially the system described by Brauer et al. (4), 
except that it was changed to allow the collection of serial sam- 
ples of carbon dioxide. The perfusion apparatus was enclosed in 
a cabinet maintained at 37.5°. 

The technique for isolating the rat liver and cannulating the 
bile duct was that used by Brauer et al. (5), except that no 


anticoagulant was injected into the liver donor rat, the cannulae _ 
inserted into the blood vessels were coated with 10% sodium | 
citrate, and the inferior vena cava was tied immediately below _ 
In all cases, the interval (anoxic period) between the : 


the liver. 
puncture of the portal vein and the establishment of a perfusate 
flow through the liver was less than 4 minutes. 


The perfusate consisted of whole blood with an hematocrit of ; 


39 to 42. The blood donors were anesthetized with ether, the 


chest cavity was opened and the blood taken by cardiac puncture 8 


without use of any anticoagulant. The blood was placed in a 
graduated cylinder, coated with 10 mg of sodium heparin, mixed 
gently, and poured through a nylon screen into the reservoir of 
the perfusion apparatus. 

Although heparin was added in vitro to act as an anticoagulant 
for the perfused blood, the use of heparin in the animals, both 
liver donors and blood bonors, was carefully avoided. This was 
done to insure a minimal level of lipoprotein lipase in the system. 
Heparin when injected in vivo causes the appearance in the 
plasma of lipoprotein lipase and the consequent lipolysis of the 
chylomicrons and lower density lipoproteins. 


presence of the liver should not be a factor, since lipoprotein 
lipase is not produced by the liver (6). 

Oxygenation and gas exchange were accomplished by passing a 
mixture of 95% oxygen and 5% carbon dioxide, at a rate of 1 
liter per minute, over a thin, flowing layer of the perfusate (7). 

A perfusate circulation rate of about 160 ml per minute and a 
hydrostatic head of 11 cm of blood were established before the 
insertion of the liver into the perfusion apparatus. These condi- 
tions were not altered during the perfusion period. Under this 
hydrostatic head the liver was not dilated and there were no 
congested areas. Samples for chemical analyses were taken 
from the start of the perfusion and the radioactive substrate was 
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However, the 
addition of heparin to blood in vitro is without effect and the ~ 


—-— 


co A 


| 

ad 
aA 
C 
fr 
(1 
bi 
T 
m 
of 
ch 


f the 
).9% 


f the 
(4), 
sam- 
ed in 


y the 


t no 
nulae 


dium 
yelow 


usate 


rit of 
r, the © 


eture 
| ina 
nixed 
oir of 


rulant 
both 


is Was 


‘stem. 


n the 
of the 
r, the 


id the 
rotein 


sing & 
e of 1 
te (7). 
and a 
re the 
condi- 
er this 
ere no 
taken 
te was 


nthe 


April 1961 


added after 13 hours of perfusion, when a constant blood flow 
through the liver was observed. The initial 13 hours of perfusion 
were necessary to remove from the blood the vasopressor de- 
scribed by Brauer et al. (7). 

Preparation of Samples—The caudate lobe of the liver was 
excised just before removal of the liver for perfusion, the blood 
was blotted away, and samples of the lobe were immediately 
homogenized in suitable media for the determination of glucose, 
lipids, and lactic acid. At the end of the experiment, the liver 
was cleared of blood by perfusion with 30 ml of 0.9% NaCl, and 
samples of the liver were homogenized as before. 

Immediately after the blood samples were taken, the hemato- 
crit was determined and suitable aliquots of the blood were 
pipetted into appropriate deproteinizing solutions for the deter- 
mination of the blood sugar and lactic acid. The remaining 
blood was centrifuged at 5° and a 5.0-ml aliquot of the plasma 
was extracted with a 2:1 mixture of chloroform and methanol 
(8). In some cases, a 5.0-ml plasma sample was fractionated 
into five lipoprotein fractions by ultracentrifugal methods (9) 
and the four heavier fractions were extracted with a 2:1 mixture 
of chloroform and methanol in the same manner as for whole 
plasma. The lightest lipoprotein fraction was rinsed into a 
10-ml volumetric flask, made to volume with 0.9% NaCl, and 
analyzed for chylomicrons. The bile, which was excreted by the 
liver during the perfusion, was deproteinized and the lipids were 
extracted by the same procedures used to prepare the whole 
plasma for glucose, lactic acid, and lipid analysis. 

Respired C'4O, was trapped by using a slight vacuum to draw 
the respired gas through a sintered glass bubbler containing 6 N 
NaOH (2). <A dual switching arrangement made it possible to 
change the trap every 15 minutes without altering the pressure 
in the apparatus. 

Quantitative Analyses—The amount of chylomicrons in the 
suspension of the lightest lipoprotein fraction was estimated by 
counting the number of ‘‘chylomicron-like” particles (10), esti- 
mating the glyceride content of the suspension, and determining 
the absorbancy of the suspension at 635 mu. 

A detailed description of the lipid analyses has been presented 
elsewhere (11). In brief, they were performed as follows. 
Chloroform-methanol extracts were obtained and purified by the 
method of Folch et al. (8), and the extracts were evaporated to 
dryness in a vacuum at 60°. The residue was taken up in petro- 
leum ether and the lipids separated by chromatography on silicic 
acid and Amberlite IRA-400 columns (11). After the isolation 
of the lipids, the glycerides were determined by the method of 
Carlson (12), the esterified cholesterol and the digitonide of the 
free cholesterol were quantified by reaction with ferric chloride 
(13), and the phospholipid phosphorus was estimated by a com- 
bination of the methods of King (14) and Horecker et al. (55). 
The free fatty acids were methylated by reaction with diazo- 
methane and the resulting esters were determined by the method 
of Stern and Shapiro (16). Recovery of known mixtures of 
cholesterol, cholesterol esters, glycerides, free fatty acids, and 
phospholipids subjected to these separation and quantifying 
procedures was 95 to 102%. 

Total liver glucose was determined by the method of Kemp 
(17) and the blood glucose according to the procedure of Mendel 
et al. (18). Blood was deproteinized by the method of Kingsley 
and Reinhold (19), and the protein-free supernatant was ana- 
lyzed for lactic acid by the method of Barker and Summerson 
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(20), except that 0.05 g of Ca(OH). was used rather than 0.5 g 
during the purification step.’ 

Determination of Radioactivity—Aliquots of the isolated lipid 
classes were pipetted into vials and the solvent evaporated at 
60° under a stream of nitrogen. The carbon-14 activity was 
determined in a Packard Tri-Carb liquid scintillation spectrom- 
eter with toluene as a solvent, diphenyloxazole as primary phos- 
phor, and p-bis-1,2(phenyloxazolyl)-1-benzene as secondary 
phosphor. Each sample was corrected for quenching. 

The CQ, in an aliquot of the NaOH-carbonate mixture was 
precipitated as BaCQs; and the carbonate content estimated by 
titration with HCl. The BaCO; was reprecipitated by the 
addition of NaOH, collected on filter paper disks, and assayed 
for CO, with a thin end window Geiger-Miiller tube by the 
method of Entenman et al. (22). All counts were corrected to 
a standard mass of 10 mg of barium carbonate by the method of 
Henriques et al. (23). A factor, obtained by computing the 
ratio of the c.p.m. obtained when identical samples of palmitic 
acid-1-C' were counted directly in the liquid scintillation counter 
or combusted to CO, and counted as BaCOs, was used to adjust 
the c.p.m. obtained with the Geiger-Miiller tube to values com- 
parable to those obtained by liquid scintillation counting. 


RESULTS 


To avoid unnecessary repetition, only the data from one set of 
determinations are given in the following experiments. Each 
of the experiments was performed at least twice. In each case 
the results of the replicates were essentially the same. Perti- 
nent data on the liver donor rats and the perfusion conditions are 
as follows. The body weights of the liver donor rats averaged 
236 g (range 220 to 250 g); the weights of the portion of the liver 
that was perfused averaged 6.08 g (range 5.71 to 6.52 g); and the 
average blood flow through the liver was 3.64 ml per minute per 
g of liver (range 3.22 to 4.17 ml per minute per g of liver). 

Experiment 1. Changes in Lipids and Carbohydrates in Oxy- 
genated, Circulating Blood—In order to differentiate changes due 
to the blood from those caused by the liver it was necessary to 
determine the effects of the blood alone on lipids and glucose. 

The blood was perfused through a liver for 90 minutes, the 
liver removed, 5.0 ml of a C'-labeled chylomicron suspension 
was added, and the blood alone was circulated for an additional 
3 hours. 

The results of the experiment (Table I) show that there was 
little or no alteration in the plasma concentration of phos- 
pholipids, cholesterol esters, or free cholesterol when oxygenated, 
whole blood was circulated in the perfusion apparatus. There 
was, however, a small decrease in plasma glyceride levels and a 
concurrent increase in free fatty acid concentration. There 
was also a rapid drop in blood glucose and an approximately 
equal rise in blood lactic acid, which was similar to that shown 
in the first 120 minutes in Fig. 2. 

The distribution of the C™ label in the lipid classes was altered 
considerably during the experiment (Table I). The glyceride- 
C™ decreased and an increase in free fatty acid-C™ and cholesterol 


! Barker and Summerson (20) state that this part of their pro- 
cedure is taken from Van Slyke (21), but the amount of Ca(OH). 
used by Barker and Summerson is 10 times that suggested by Van 
Slyke. The use of the amount of Ca(OH): indicated by Van 
Slyke gives more reproducible results (K. L. Jackson, personal 
communication). 
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TABLE 
Changes in plasma lipid and glucose concentrations and lipid-C' in circulating blood after removal of 
liver from perfusion system (Experiment 1) 
a Tune efter injec- | Plasma lipid concentrations | C4 activity in plasma found as 
start of tion of C'4-labeled | Blood glucose © | 
Glycerides | FFA “> Glycerides | FFA PL 
min | min mg/100 ml mg/100 ml | mg/100 ml —— peg./ 100 ml) mg/100 ml | c.p.m./ml 
| | 
0 61.0 | 94.8 23.0 61.6 120 4.51 | 0 0 0 0 
90 14¢ 12,7484 3524 
94 4 70.0 91.0 21.7 80.4 60 4.24 | 42 11,410 1152 328 
184 94 34.0 | 92.0 27.6 68.1 91 4.41 468 10,408 2237 316 
274 184 14.0 | 87.4 29.6 67.7 93 4.41 | 972 7,454 2250 302 


« Abbreviations: CE, cholesterol esters; FC, free cholesterol; FFA, free fatty acids; PLP, phospholipid phosphorus, PL, phospholipids- 
’ The liver was removed from the perfusion apparatus just before the addition of the chylomicron suspension. 


© Glyceride (14.7 ymoles) and free fatty acids (1.9 weq.) were added to the blood as chylomicrons. 


Only traces of cholesterol esters 


and free cholesterol were found in the chylomicron suspension and no phospholipid phosphorus was detected. 
4 These values were calculated from the activity of the injected chylomicron suspension and the plasma volume. 
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30 60 90 £120 «150 180 
MINUTES AFTER INJECTION OF CHYLOMICRON-C'* SUSPENSION - 
Fic. 1.. The conversion of C!4-labeled chylomicron fat to CO, 
by the perfused rat liver. A total of 1,254,500 c.p.m. of lipid-C' 
were injected into the perfusate at zero time. The lipid composi- 
tion of the chylomicron fat and the distribution of the C'™ among 
the lipids are given in Table ITI. 


ester-C™, which was almost equal to the decrease in glyceride- 
C', was noted. Virtually no change occurred in phospholipid- 
C™ and the free cholesterol was not labeled. Similar results 
were found when blood which had not previously been perfused 
through a liver was used. 

Both the C™ data and the changes in free fatty acid and glyc- 
eride levels suggest that hydrolysis of glycerides occurred in the 
blood, despite the care taken to exclude lipoprotein lipase. 

Experiment 2. Utilization of Lipids and Glucose by Perfused 
Liver from Fed Rat-—Once the contribution of the blood to the 
perfusion system has been established, it becomes possible to 
ascertain the role played by the liver. 

The liver taken from a fed rat was placed in the perfusion 
apparatus and at 90 minutes after the start of the perfusion, 5.0 
ml of a labeled chylomicron suspension (the lipid composition of 
the suspension and the distribution of the C™ label among the 
lipids is given in Table III) were injected into the reservoir and 
thoroughly mixed with the blood by swirling. Samples of the 
blood were withdrawn periodically, and the bile excreted by the 
perfused liver was collected during the interval between 30 and 
274 minutes after the start of the perfusion. Bile was not col- 
lected during the first 30 minutes of the perfusion, since the bile 
entering the collection tube during this period was excreted while 
the liver was in situ. Immediately after the addition of the 


chylomicrons, the collection of the respired CO, was started. 
The changes in the lipids, carbohydrates, and C'4 of the plasma, 
bile, and liver were determined. Aliquots of the initial and final 
plasma samples were fractionated into lipoprotein fractions, and 
the glyceride content of each fraction was estimated. In addi- 
tion, the number of chylomicrons in the lightest lipoprotein 
fraction was determined. The results of this experiment are 
shown in Tables IJ, III, and IV and in Fig. 1. 

During the perfusion there was a net increase in free cholesterol 
and glycerides and a net loss in free fatty acids. The net changes 
in cholesterol ester and phospholipid were very minor and are 
within the experimental error. The increase in free cholesterol 
is due primarily to an increase in liver cholesterol. The net 
increase in glycerides is a result of a large increase in plasma 
glycerides, coupled with a moderate decrease in liver glycerides. 
A decrease in free fatty acids occurred in both the liver and the 
plasma. Only traces of lipids were present in the bile (Tables 
II and III). 

The liver accumulated large amounts of glyceride-C™ and 
phospholipid-C'4 and smaller amounts of cholesterol ester-C' 
and free fatty acids-C'™ (Table III). In the plasma there was 
a decrease in glyceride-C™ during the first 124 minutes after the 
addition of the carbon-C'*-labeled chylomicrons. However, 
during the final 60 minutes of the perfusion, the plasma glyceride- 
C™ increased. The plasma cholesterol ester-C', phospholipid- 
C4, and free fatty acid-C™ all increased (Table II). The net 
result of these changes was a large decrease in glyceride-C' and 
an increase in phospholipid-C™, free fatty acid-C™, and choles- 
terol ester-C'4. The decrease in glyceride-C™ was about equal 
to the combined increases in phospholipid-C", free fatty acid-C™, 
cholesterol ester-C!4, and 

The data in Table IV show that all the increase in plasma glyc- 
erides is associated with the very light lipoprotein fraction of the 
plasma and that most of this glyceride is present as “‘chylomicron- 
like’? bodies. Although the actual size of the particles was not 
determined, it seemed to the observer that many of the “chy- 
lomicron-like”’ bodies present in the plasma at the conclusion of 
the experiment had diameters which were somewhat greater than 
those found in the plasma at the beginning of the experiment. 

Only 2.1% of the injected C™ label appeared as CO, during 
the 3-hour perfusion period (Fig. 1). This conversion of chylo- 
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TaBLe II 
Lipid and glucose concentrations and lipid-C™ in blood perfused through liver taken from fed rat (Experiment 2) 

Se Ti f Plasma lipid concentrations | C4 activity in plasma found as 

CE FC Glycerides| PLP Gilycerides_ FFA | PL 
: : min min mg/100 ml mg/100 ml mg/100 ml ee peg./100 ml | mg/100 ml | c.p.m./ml 
0 90 74.4 27.5 84.4 | 123 4.42 

0 90 0° 14° 11,322¢ 67° 22¢ 
Od Q4 4 129 69.5 25.5 120.2 55.5 4.86 19 _10,581 273 176 
8 E 154 64 118 67.9 25.9 136.1 47.6 4.86 20 7,875 258 175 
6 ; 214 124 104 73.6 24.4 168.4 41.8 4.69 24 7,546 197 171 
2 | 274 184 104 72.6 26.4 187.9 49.5 5.29 126 8,330 213 170 


ds « Abbreviations: CE, cholesterol esters; FC, free cholesterol; FFA, free fatty acids; PLP, phospholipid phosphorus; PL, phospho- 
pas siipid. 
> Glycerides (12.2 umoles) and free fatty acids (1.9 weq.) were added to the blood as chylomicrons. Only traces of cholesterol esters 


ware and free cholesterol were found in the chylomicron suspension and no phospholipid phosphorus was detected. 
¢ These values were calculated from the activity of the chylomicron suspension and the plasma volume. 
TABLE III 
” Net gain or loss of lipids, lipid-C', and glucose during perfusion of liver taken from fed rat (Experiment 2) 
final Lipids activity found in 
, and 5 Quantity measured Glucose 
addi- : CE* FC Glycerides|) FFA PLP CE Glycerides | FFA | PL | CO2 
otein mg mg mg umoles meg. mg c. p.m. 
tare A. Initial amount in plasma or 
153 74.4 | 27.5 84.4 | 123 4.42 0 0 0 0 0 
sterol | Initial amount in liver.......... 316 2.60 | 13.8 90.6 31.7 | 9.95 0 0 0 0 0 
anges Amount added as chylomicrons. . 0 0.05 | 0.08; 12.2 1.90 | 0 1,510 | 1,243,160 | 7,350 2,480 0 
dare __—CB. Amount removed by sampling...| 66.1 | 24.6 8.60 | 45.8 21.1 1.74 567 234,018 | 6,552 1,584 | 26,276 
sterol — Amount in plasma or blood at 
e net & end of perfusion................ 114.5 | 48.0 | 20.0 | 142.1 34.1 | 3.55 1,656 574,770 | 14,697 | 11,730 
wae Amount in liver at end of per- 
156 2.80 | 17.9 63.3 12.3 | 9.24 10, 156 205,676 | 5,838 | 147,227 
rides. Amount excreted in bile........ 1.2) 0.03 | 0.08 0.40 1.80 0.003 5 61 74 5 
5.20| 64.4 0.16 | 10,868 19,737 | 158,061 | 26,276 
130.2 | 1.62 87.3 228, 696 
4 and ¢ Abbreviations: CE, cholesterol esters; FC, free cholesterol; FFA, free fatty acids; PLP, phospholipid phosphorus; PL, phospho- 
er-Ci4 lipids. 
e was 
er the | micron-C' to CO, was less than that reported by Morris and apparatus and perfused for 45 hours. Experiment 3B was es- 
vever, French (1); however, these investigators injected whole chyle, sentially the same as Experiment 3A except that the liver was 
‘eride- | which contains labeled fats other than chylomicrons, rather than placed in the perfusion apparatus immediately after the blood 
olipid- the isolated chylomicron fraction used here. was collected and when the blood lactic acid and glucose levels 
ne net Experiments 3A and 8B. Changes in Lipids and Carbohydrates were approximately normal. 
14 and during Perfusion of Livers from Fasted Rats—The isolated per- The results of these experiments (Tables V and VI and Fig. 2) 
‘holes- fused liver taken from a fed rat contains a large amount of gly- indicate that a liver taken from a fasting rat does not synthesize 
equal cogen and is able to maintain blood sugar levels and to syn-_ glycerides at a rate sufficiently rapid to bring about a net in- 
id-C™, thesize glycerides (Experiment 2). The liver of a fasting rat crease in glycerides. In fact, there is a net loss of glycerides, free 
contains only a small amount of glycogen. Since it has been fatty acids, and phospholipids. On the other hand, the liver 
a glyc- shown that the glycogen content of the liver is related to the ex- taken from a fasted rat accumulates glycogen and at the same 
of the tent of lipogenesis by liver slices (24) and that fasting inhibits time elevates the blood sugar level. This is accomplished despite 
uicron- | the incorporation of labeled substrates into lipids of liver slices _ the fact that glucose is converted to lactic acid at a rapid rate by 
‘as not (25), it was of interest to determine the net lipid synthesis and ___ the red cells and also presumably oxidized by the liver. Al- 
“chy- | the blood sugar levels during the perfusion of a liver taken from though it is probable that glucose also arises from lipids and pro- 
sion of | a fasted rat. teins, the data in Fig. 2 and Table VI suggest that the net in- 
or than Two experiments were performed. In Experiment 3A the crease in glucose is accomplished by the conversion of lactic 
‘iment. | blood was placed in the perfusion apparatus, oxygenated, and acid to glucose, since it is readily apparent that the net increase 
during | circulated for 90 minutes. The liver, taken from a rat which _ in glucose is equal to the net decrease in lactic acid (Experiment 
chylo- | had been fasted for 24 hours, was then placed in the perfusion 3A). 
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TABLE IV 


Glyceride content and number of ‘‘chylomicron-like’’ bodies in 
plasma lipoprotein fractions 


_ Glycerides in 


Material analyzed“ plasma 

Initial” Final? | Initial | Final Initial | Final 
| moles | | | | 

d <1.006 69.8 | 178.0 373. 0.109 

d <1.063 | 4.8) 4.8) | 

> 1.006 | | | | | 

d <1.107 | 

d <1.220 | | 

d >1.220 1.5) | | 


« The numbers indicate the density range used to obtain the 
material by ultracentrifugal methods (9). 

’ The sum of the lipoprotein fractions adds up to the total 
glyceride present in 100 ml of whole plasma (Table II, 0 and 274 
minutes after start of the experiment). 

¢ The absorbancy of a 10-ml suspension of chylomicrons, de- 
rived from 5.0 ml of plasma, was measured in a 1-em cell at 635 


my and a slit width of 0.06 mm. 


TABLE V 


Plasma lipid concentrations during perfusion of livers taken from 
fasted rats (Experiments 3A and 3B) 


Plasma lipid concentrations 


| 


Time | 
ere | Experiment 3A Experiment 3B 

| FC FFA | PLP) CE | Fc (Glycer-| PLP 
min | 00} me/ 100 |me/100 

82.4 26.0 90.9156 6.06 57.4 21.5 94.9156 4.77 

60 83.3) 26.5 98.4140 5.32 | | 

120 89.2 26.3. 110.0123 4.92 | | 

180 90.0, 25.6 114.0 91.5 4.60 | | | 

210 91.0, 28.6, 118.5 99.6, 5.24 | | 

270 99.2, 28.6, 131.0 69.6 5.02, 63.1 28.3 110.0 79.6 3.56 


¢ Abbreviations: CE, cholesterol esters; FC, free cholesterol; 
FFA, free fatty acids; PLP, phospholipid phosphorus. 


Experiment 4. Effect of Glucose Infusion on Changes in Lipids 
and Carbohydrates during Perfusion of Liver from Fasted Rat— 
There is a net gain in glycerides when the liver taken from a fed 
rat is perfused (Experiment 2), whereas there is a net loss in 
glycerides when the liver taken from a fasted rat is perfused 
(Experiment 3). If this difference in ability to synthesize glyc- 
erides is related to the carbohydrate content of the liver, then it 
may be possible to demonstrate a net synthesis of glycerides in the 
liver taken from a fasted rat by infusing glucose into the per- 
fusate. 

The liver taken from a rat which had been fasted for 24 hours 
was placed in the perfusion apparatus and perfused for 270 min- 
utes. Glucose infusion, at the rate of 135 mg per hour (0.9 ml 


per hour) was begun 120 minutes after the start of the perfusion. 
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The net changes in plasma and liver glucose, lactic acid, and 
lipids were computed (Table VII). 

Although no net synthesis of lipids resulted from the infusion of 
glucose, the net loss in lipids was much less than when glucose was 
not infused (Experiments 3A and 3B). This indicates that the 
glucose either exerted a sparing action on lipid utilization or 
increased the rate of lipid synthesis, or both. 


DISCUSSION 


The data presented here indicate that administered glycerides 
(in the form of palmitic acid-1-C'*-labeled chylomicrons) are 
rapidly removed from the plasma by an isolated, perfused liver, 
and that the C™ label later appears in the liver glycerides, phos- 
pholipids, cholesterol esters, and free fatty acids. Since the 
level of plasma glyceride-C™ falls during the early intervals of 
the perfusion, but rises again later, it is evident that C™ activity 
in the lipids taken up has, in part, been released. It is of interest 
that despite the high degree of labeling of liver phospholipids and 
cholesterol esters, very little activity appears in these lipids in 
the plasma. The increase in activity of these lipids, especially 
in the liver, in the absence of an appreciable net increase in 
amounts, suggests that the incorporation of the label had oc- 
curred predominantly by exchange with pre-existing compounds 
rather than during the synthesis of new ones. 

On the other hand, it seems clear that the liver formed and 
released new glycerides into the perfusion system, since the in- 
crease in plasma levels was greater than the initial glyceride 
content of the liver. The increase in plasma glycerides was 
confined entirely to the lightest of five lipoprotein fractions 
separated, and was proportional to the increase in microscopic, 
highly refractive bodies. These observations suggest that the 
liver can release glycerides in the form of very light ‘“chylomi- 
eron-like”’ bodies, findings that are in agreement with those of 
Marsh and Whereat (26). Thus, it seems likely that the in- 
creases in plasma lipids found in intact animals under a variety 
of conditions (27-33) may, in fact, involve action by the liver. 
In this connection, it is interesting to note that net increase in 
glycerides in the perfusion system occurred only when the liver 
taken from a fed rat was perfused. When the liver taken from 
a fasted rat was perfused a net increase in glycerides did not oc- 
cur, even when glucose was infused into the perfusate. 

The perfused liver has the ability to maintain normal levels of 
glucose in the blood used for the perfusion. This was true 
whether or not the blood glucose levels were normal at the start 
of the perfusion. Thus, when blood containing high amounts of 
lactic acid and low amounts of glucose was used, the levels of 


both substances were quickly adjusted to and maintained at — 


normal values. The data suggest that the glucose for the main- 


tenance of normal blood levels is derived from the blood lactic 


acid, since the net gain in glucose is equal to the net loss in lactic 
acid. 
shown by the net loss in glucose when glucose was infused, it is 
obvious that the liver must use noncarbohydrate materials in 
order to effect this regulation. 

It is noteworthy that abnormally high blood glucose levels 
were not observed in these studies. Other investigators (2, 34, 
35) have observed high blood sugar values, but this may be due 
to the lack of specificity of their methods. In the present study, 
the method of Mendel et al. (18), which is reasonably specific 
for hexoses, was used to determine blood glucose. If methods 
which determine glucose by measuring reducing substances 
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TaBLeE VI 
Net gain or loss of lipids, glucose, and lactic acid during perfusion of livers taken from fasted rats (Experiments 3A and 3B) 
| Experiment 3A Experiment 3B 
| | | | Glycer- 
| CE FC | "ides | FFA PLP | G CE | FC | | FFA | PLP | LA G 
mg mg pmoles meg. meg | mg | mg mg meg | pmoles meg. meg meg meg 
A. Initial amount in plasma or blood.) 65.6 | 20.7 | 72.4 (113 4.82 117 33.6 41.7 15.6 68.9 (113.2 , 3.46 30.6 139 
Initial amount in liver............ 2.42 15.6 72.3 | 68.7 | 6.381. 1.70 1.90; 2.54 | 15.2 |78.0 | 68.7 | 7.80 | 2.35) 13.2 
B. Amount removed by sampling..... 18.8 5.60 22.30 27.7 1.138 11.8 23.1) 5.49) 2.39 9.84 14.0 0.59 3.90 13.1 
Amount in plasma or blood at end ! | | 
56.6 16.3 | 74.8 50.2 | 2.87 5.0 | 77.5 39.8 | 17.8 69.3 50.2 | 2.24 | 19.8 | 95.9 
Amount in liver at end of perfu- | | | | | | | 
2.59 16.0 22.5 30.8 7.21 20.2 | 13.9 | 2.28 | 16.1 18.1 | 30.8!) 6.92 5.29 46 
Amount excreted in bile........... — 0.02 0.04 0.09 2.1 | 0.005 0.51 1.16 0.018) 0.04 0.086 2.10 0.006 1.2 
«9.99 1.64 | | | 80.2 3.30) 5.55 4.0 
| (25.0 70.9 0.42 81.2) | 49.6 84.8 1.50) 3.96 
| | 


« Abbreviations: CE, cholesterol esters; FC, free cholesterol; PLP, phospholipid phosphorus; LA, lactic acid; G, glucose. 


(36-38) were used, much higher values were found. In the 
references cited, the investigators determined blood glucose by 
measuring reducing substances. 

The data obtained in this study also showed that a slow hydrol- 
ysis of glycerides occurred in circulating, oxygenated blood, 
despite a careful attempt to avoid the presence of lipoprotein 
lipase. No evidence was found to indicate that the liver would 
free the blood of the agent which caused the hydrolysis of the 
glycerides. 


SUMMARY 


Isolated rat livers were perfused for 43 hours with whole blood 
taken from fed rats. The perfusate, bile and livers were ana- 
lyzed for changes in lipids and carbohydrates. In addition, the 
fate of the carbon-14 of injected palmitic acid-1-C'*-labeled chy- 
lomicrons was determined. It was shown that: 

1. The isolated, perfused liver is able to establish and main- 
tain the blood sugar and lactic acid levels at normal values. 

2. The liver taken from a fed rat can synthesize, and release 
into the blood, ‘“‘chylomicron-like’”’ bodies. 

3. There is no net increase in glycerides in the perfusion sys- 
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Fic. 2. Lactie acid and glucose concentrations in whole blood 
before and after perfusion through livers taken from fasted rats. 


TaBLe VII 


Net gain or loss of free fatty acids, glycerides, and glucose in total 
liver perfusion system 


Net gain or loss® 
Experi- 
ment Nutritional state of perfused liver 
Glycerides| Glucose 
peg. pmoles mg 

2 Fed —87.3 | +64.4 | —130.2 

3A Fasted, large amount of lac- | —70.9 | —25.0' +81.2 
tic acid in blood 

3B Fasted, normal amount of | —84.8 | —49.6 +4.0 
lactic acid in blood 

4 Fasted, glucose infused into | —16.0 | +0.67 | —124 
blood 


® Net loss is signified by —, and net gain by +. For an exam- 
ple of the method by which the values were calculated, see Table 
III. 


tem when the liver taken from a fasted rat is perfused, even when 
glucose is infused into the perfusate. 

4. When palmitic acid-1-C™-labeled chylomicrons are injected 
into the perfusate, C!* appears in phospholipids and cholesterol 
esters of plasma and liver and in carbon dioxide. 

5. A slow hydrolysis of glycerides occurred in circulating, 
oxygenated blood, even after the blood had been perfused through 


a liver and despite a careful attempt to prevent the liberation of 


lipoprotein lipase. 
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The diphosphopyridine nucleotide, coenzyme A, lipoic acid- 
linked oxidative decarboxylation of pyruvate has been postulated 
(2-5) to occur in a sequence of four steps as outlined below: 


Pyruvate + TPP = acetaldehyde-TPP + CO: (1) 
Acetaldehyde-TPP + Lip(S)2=— acetyl-S-Lip-SH + TPP (2) 
Acetyl-S-Lip-SH + CoA-SH = acetyl-S-CoA + Lip(SH)2 (3) 


Lip(SH)z + DPNt+ = Lip(S)z2 + DPNH + H* (4) 
Sum: 1, 2,3,4 


Pyruvate + DPNt + CoA-SH = 


acetyl-S-CoA + DPNH + H+ + CO, (5) 


(TPP, thiamine pyrophosphate; Lip(S)2, oxidized lipoic 
acid; Lip(SH).2, reduced lipoic acid.) 


This postulated sequence is based mainly on experimental 
observations concerning the cofactor requirements for the over- 
all reaction (2-5), exchange reactions (6, 7), and model reactions 
involving the enzymatic interaction of lipoic acid with acetyl 
CoA (8, 9) and reduced lipoic acid with DPN (10). It has been 
presumed that each of the four reactions is catalyzed by a sepa- 
rate enzyme, although attempts to separate the individual en- 
zymes in confirmation of this hypothesis have not been partic- 
ularly successful. Both the pyruvate and a-ketoglutarate de- 
hydrogenase systems from mammalian tissues have been isolated 
as high molecular weight complexes (11, 12). The Escherichia 
colt pyruvate dehydrogenase system has been separated into two 
fractions (Fractions A and B) (13), but again it would appear 
that FZ. coli Fraction A constitutes an enzyme complex catalyzing 
Reactions 1, 2, and 3 (9). £. coli Fraction B has been identified 
as lipoic dehydrogenase (Reaction 4) (10), and recently the mam- 
malian a-ketoglutarate dehydrogenase complex has been resolved 
with respect to this enzyme (14, 15). However, enzyme prep- 
arations from both mammalian and microbial sources have re- 
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sisted repeated attempts to separate individual enzymes catalyz- 
ing Reactions 1, 2, and 3. 

It is the purpose of this paper to describe the properties of the 
pyruvate dehydrogenase system of an acetate-requiring mutant 
of EF. colt, particularly with respect to the genetic lesion in this 
organism. In addition, this paper describes the advantage 
gained by the use of the deficient mutant pyruvate dehydro- 
genase system with respect to the resolution of the E. coli Frac- 
tion A into separate enzymatic steps. The experiments to be 
described show that the mutant organism lacks the pyruvate 
carboxylase component (Reaction 1) of the pyruvate dehydro- 
genase system. Furthermore, it is shown that lipoic dehy- 
drogenase (Reaction 4) and lipoic transacetylase (Reaction 3) 
obtained from the acetateless mutant combine with pyruvate 
carboxylase from wild-type cells to reconstitute the pyruvate de- 
hydrogenase system. 


EXPERIMENTAL PROCEDURE 


Growth of Cells and Preparation of Cell-free Extracts—E. coli, 
Crookes strain, served as the source of wild-type enzyme prep- 
arations. The £. coli acetate-requiring mutant was isolated by 
Professor B. D. Davis (Harvard Medical School, Boston, Mass- 
achusetts). Both EF. coli strains were grown and cell-free ex- 
tracts were prepared by the method described by Hager (8, 16) 
and Gunsalus (9). In addition, the growth medium for the ace- 
tate-requiring mutant was supplemented with 20 umoles of potas- 
sium acetate per ml. The minimal medium minus citrate de- 
scribed by Davis and Mingioli (17) was used to test the acetate 
requirement for the mutant organism. 

Enzyme Preparations—Lipoic dehydrogenase was purified from 
extracts of both wild-type cells and mutant cells by the method 
described by Hager (8) and Gunsalus (9). Phosphotransacetyl- 
ase was purified from dried cells of Clostridium kluyveri by the 
method described by Stadtman (18). Lactic dehydrogenase was 
purchased from the Sigma Chemical Company. 

Dismutation Assay for Pyruvate Dehydrogenase System—The 
pyruvate dehydrogenase system was routinely measured by 
coupling Reaction 5 with lactic dehydrogenase and phospho- 
transacetylase to yield the dismutation system as follows: 


DPNH + H?* + pyruvate = DPN* + lactate (6) 
Acetyl-CoA + Pi = acetyl-P + CoA (7) 

Sum: 5, 6, 7 
2 Pyruvate + Pi — acetyl-P + CO: + lactate (8) 


The complete dismutation system contained 200 umoles of 


1013 


18, 
741 
ve 
196 
)43). 
120 
ippl. 
» 


1014 


potassium phosphate buffer, pH 6.0, 10 wmoles of MgCle, 0.1 
umole of thiamine pyrophosphate, 5 ywmoles of cysteine, 0.1 
umole of CoA, 0.5 umole of DPN, 2000 units of lactic dehy- 
drogenase (13), 100 units of phosphotransacetylase (18), 50 
umoles of potassium pyruvate, and sufficient enzyme to yield a 
rate of CO, evolution between 2 and 12 umoles of CO: per hour. 

The dismutation reaction was carried out in a total volume of 
1.5 ml at 30° with N» as the gas phase. Usually the rate of 
CO. evolution was followed manometrically in the Warburg 
apparatus although, in some cases, the rate of the dismutation 
reaction was determined by measuring acetyl phosphate forma- 
tion by the Lipmann and Tuttle hydroxamic acid method (19). 
The latter method was used only with purified enzyme prepara- 
tions which did not contain acetyl phosphatase activity. One 
unit of enzyme activity in the dismutation assay has been de- 
fined as the formation of 1 umole of CO, (or acetyl phosphate) 
per hour. 

Modified Dismutation Assay for Pyruvate Carboxylase Activity— 
The dismutation assay was modified to measure pyruvate car- 
boxylase activity in the wild-type extracts by including 22 mg 
of the crude mutant extract in the dismutation reaction mixture. 
Exeept for pyruvate carboxylase activity, the crude mutant 
extract supplied an excess of the other enzymatic components 
of the pyruvate dehydrogenase system. Therefore, in this 
case, the rate of CO. evolution was proportional to the amount 
of wild-type pyruvate carboxylase added. The enzyme units 
and conditions of assay were the same in the modified system as 
in the dismutation assay. 

C40, Exchange Assay—Pyruvate carboxylase activity was 
independently assayed by measuring the rate of C'O, incorpora- 
tion into pyruvate. The complete system contained 100 y- 
moles of potassium phosphate buffer, pH 7.0, 10 umoles of 
MgCle, 0.2 umole of thiamine pyrophosphate, 30 umoles of 
potassium pyruvate, 5 uwmoles (1.3 ue per umole) of 
and an appropriate amount of enzyme in a total volume of 1.0 
ml. The incubations were carried out for 30 or 60 minutes in 
Warburg flasks, closed with ground glass stoppers with the 
C40, initially in the side arm. The reaction was stopped by 
the addition of 0.2 ml of 50° trichloroacetic acid and allowed 
to stand for 10 minutes. At this time an equivalent amount of 
2,4-dinitrophenylhydrazine in 2 nN HCl was added. An excess 
of 2,4-dinitrophenylhydrazine was avoided since excess 2,4- 
dinitrophenylhydrazine was carried along in the isolation pro- 
cedure. After standing for 5 minutes, the 2,4-dinitrophenyl- 
hydrazone of pyruvic acid was extracted three times with 1-ml 
portions of benzene. The benzene was then extracted with 
3 1-ml portions of 5% sodium bicarbonate. To remove any 
2,4-dinitrophenylhydrazine that had been extracted, the alka- 
line solution was extracted with 1l-ml portions of chloroform 
until the chloroform extract was colorless. The bicarbonate 
solution was then acidified with hydrochloric acid and the 2,4- 
dinitrophenylhydrazone of pyruvate was exhaustively extracted 
with chloroform. The chloroform extract was concentrated 
under Ne, plated on planchets, and counted in a gas flow counter. 

One unit of enzymatic activity in the CMO, exchange assay 
has been defined as the incorporation of 1 ¢.p.m. of COs per 
umole of pyruvate per hour. 

Other Enzyme Assays—Lipoic dehydrogenase and _lipoic 
transacetylase were assayed by the methods described by Hager 
and Gunsalus (8-10). The units of enzymatic activity were the 
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same as previously described (8-10). Specific activities in all 
cases are defined as units per mg of protein. 


Analytical Methods—The protein concentration was estimated ; 


by the method of Warburg and Christian (20) after nucleic acid 


was removed by protamine sulfate. Protein concentration in — 


crude fractions was measured by the trichloroacetic acid method 
(21). Glucose was determined by the Glucostat method; the 
reagents for this assay were obtained from Worthington Bio- 
chemical Corporation. Pyruvate was determined by the Friede- 
mann and Haugen procedure (22). 


Reagents—TPP and CoA were purchased from the Sigma _ 


Chemical Company; DPN was purchased from Pabst Labora- 
tories. Reduced lipoic acid was prepared by the method of 
Gunsalus et al. (23) from oxidized lipoie acid purchased from the 
California Corporation for Biochemical Research. In the form 
of barium carbonate, C“O. was obtained from the Oak Ridge 
National Laboratory. Potassium pyruvate was prepared by 
the method of Korkes et al. (13). DEAE-cellulose powder, re- 
search grade, was purchased from Brown and Company. 


ENZYME PURIFICATION 


Purification of Pyruvate Carboxylase from Wild-Type Cell — 
Extracts—Two different fractionation procedures were used for | 
the purification of pyruvate carboxylase from wild-type cell — 


extracts. The first method duplicated the purification of 


pyruvate Fraction A as developed by Hager (8) and Gunsalus ~ 
The second purification method was an extension of the — 
protamine sulfate precipitation procedure used by Koike et al. — 


(9). 


(24) for the purification of the pyruvate dehydrogenase complex. 
This latter procedure was modified by including an ammonium 
sulfate precipitation step and chromatography on a DEAE- 
cellulose column as the final step. 

Ammonium Sulfate Fractionation—The acid precipitate con- 
taining the pyruvate dehydrogenase complex was dissolved in 
0.02 m potassium phosphate buffer (13 mg of protein per ml) and 
brought to 36% ammonium sulfate saturation by the addition 
of 56 ml of saturated ammonium sulfate per 100 ml of enzyme 
solution. The resulting precipitate was removed by centrifuga- 
tion at 12,000 x g for 15 minutes and discarded. The super- 
natant fluid was brought to 48% ammonium sulfate saturation 
by the addition of 55 ml of saturated ammonium sulfate per 
100 ml of supernatant fluid. The precipitate was collected by 
centrifugation and dissolved in 0.02 mM potassium phosphate 
buffer, pH 7.0, at a protein concentration of 15 mg per ml. 


Chromatography on DEA E-Cellulose—DEAE-cellulose powder — 


was prepared for chromatography by washing a 3-g slurry of 
the powder with 60-ml portions of the following solutions: 1 mM 
potassium dihydrogen phosphate, a 1 M mixture of potassium 
mono- and dihydrogen phosphate, 1 M potassium monohydrogen 
phosphate, a mixture of 0.5 M potassium monohydrogen phos- 
phate, and 0.5 m sodium chloride, 0.5 mM sodium chloride in 0.02 
M potassium phosphate buffer, pH 7.0, and, finally, 0.02 m po- 
tassium phosphate buffer, pH 6.0. In between each wash, the 
excess fluid was removed from the DEAE-cellulose by filtration 
with suction on a Buchner funnel. Fine particles were removed 
by decantation from 0.02 M potassium phosphate buffer, pH 
7.0, and the remaining slurry was used to pack a 9 X 150 mm 
column. The column was packed under 5 pounds of Ne pressure 
and kept at 4°. An aliquot of the enzyme solution obtained 
from the 0.36-—0.48 ammonium sulfate saturation step containing 
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15 mg of protein was applied to the column. The column was 
eluted with a gradient consisting of 125 ml of 0.02 m potassium 
phosphate, pH 7.0, in the mixing chamber and 125 ml of 1 m 
potassium phosphate buffer, pH 7.0, in the reservoir. During 
elution the column was held under | pound of Nz pressure corre- 
sponding to a flow rate of approximately 25 ml per hour. Thirty 
fractions of 2 ml each were collected. A representative chroma- 
tography elution profile is presented in Fig. 1. 

A summary of the purification of pyruvate carboxylase by 
both purification methods is given in Table I. 

Purification of Lipoic Transacetylase from Mutant Cell Ex- 
tracts—The preliminary steps for the purification of lipoic 
transacetylase from the mutant cell extract have been reported 
previously (25). After dialysis, the 0.36—-0.48 ammonium sulfate 
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Fic. 1. DEAE-cellulose chromatogram of pyruvate carboxyl- 


ase. Pyruvate carboxylase activity (O----- ©) was measured by 
the modified dismutation assay as described in the text. The 
closed circles (@——@) represent protein concentration. 
TABLE I 
Purification summary for pyruvate carborylase 
Fraction | Volume | Protein | | Yield 
Method 1 
ml mg % 
Crude extract...... ....| 800 22,000 | 348,000 16.2; 100 
0.20-0.75 saturation 
308 18,800 | 368,000 19.5, 104 
0.36-0.48 saturation 
(NH,)2SO, .......... 81 1,860 | 235,000; 108 68 
Heated fraction........ 80 870 | 129,500 | 148 37 
0.35-0.40 saturation 
(NH,)2SO, .......... 9.7 214 78,000 | 365 22 
Calcium phosphate gel 
6.0 8.4, 12,600 | 1450 4 
Method 2 
Crude extract.......... 960 25,000 | 535,000 21.4 100 
Protamine eluate.......| 32.5 455 | 179,000 | 395 33 
pH 5-5.5 extract. ...... 22.7 295 99,000 | 335 19 
0.36-0.48 saturation 
(NH 5.7 85 82,600 | 975 15 
DEAE chromatography 83 37 38 ,000 | 1030 7 
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TABLE II 
Purification summary for mutant lipoic transacetylase 
Fraction ume | Protein | Ensyme | Speciic | Yield! 
ml mg % 
Crude extract.............. 995 53,300 | 27,800 0.52 100 
0.25-0.75 saturation 
475 | 26,600 | 12,200 0.46 44 
Protamine supernatant.....| 785 | 11,300 | 13,800 | 1.22 50 
0.36-0.48 saturation 
170 | 1,700 9,200 5.4 33 
0-0.36 saturation | 
51 210 | 5,500 26.2 20 
250+ 
200+ 
2 
5 
« 
100 
2 3 4 
w MOLES ACETATE / ML 
Fic. 2. Growth response of the mutant to acetate. The mu 


tant was grown overnight in 10 ml of culture medium containing 
1% veast extract, 0.5% K:HPO,, and 0.38% glucose. The cells 
were harvested by centrifugation, washed three times with sterile 
distilled water, and suspended in 10 ml of distilled water. This 
suspension served as inoculum (0.05 ml for each flask) for 10 ml of 
Davis and Mingioli (17) minimal medium minus citrate plus the 
indicated amount of sodium acetate in 50-ml Erlenmeyer flasks. 
The flasks were shaken for 24 hours at 30°. Turbidity was meas- 
ured in a Klett-Summerson photoelectric colorimeter, filter 66, 
against an blank. 


saturation fraction was adjusted to a protein concentration of 
10 mg per ml in 0.02 m potassium phosphate buffer, pH 6.0. The 
bulk of lipoic transacetylase activity was precipitated from this 
fraction by the addition of 55 m1 of saturated ammonium sulfate 
per 100 ml of enzyme solution to give a final concentration of 
36% ammonium sulfate saturation. The precipitate was col- 
lected by centrifugation at 12,000 x g for 15 minutes and sus- 
pended in a volume of 0.02 mM potassium phosphate buffer, pH 
7.0, containing 0.5 mg of GSH per ml, equal to 3 the volume of 
the starting material. The purification of lipoic transacetylase 
from the mutant extract is summarized in Table IT. 


RESULTS 


Characterization of Acetate-Requiring Mutant—The E. coli 
mutant requirement for acetate when glucose serves as the 
major source of carbon for growth is shown in Fig. 2. The 
mutant organism when grown on glucose under either aerobic 
or anaerobic conditions invariably shows no growth or, at best, 
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only a trace growth in the absence of acetate. Various cofactors 
associated with the enzymatic conversion of pyruvate to acetate, 
such as thiamine and lipoic acid, were tested for their ability to 
replace the mutant acetate requirement. The cofactors were 
not effective in this respect. Crude preparations of yeast ex- 
tract would stimulate growth; however, over 90% of the yeast 
extract activity was lost upon acidification and steam distilla- 
tion. This indicates that acetate itself was the major source of 
the growth-promoting activity shown by the crude yeast prepara- 
tions. 

A typical growth curve for the mutant in a glucose medium 
supplemented with acetate is shown in Fig. 3. In addition to 
the growth curve, Fig. 3 also records glucose utilization and 
pyruvate accumulation as a function of time. As would be 
expected from the aerobic growth of an acetate-requiring mutant 
on glucose, pyruvate accumulates in the medium as a conse- 
quence of glucose utilization. However, when all the glucose 
has been consumed, pyruvate accumulation reaches a maximum 
and then rapidly disappears from the medium. In order to 
investigate the cause for the rapid disappearance of pyruvate, 
mutant cells were harvested at different times during their 
growth cycle, both before and after the peak pyruvate accumula- 
tion, and tested for their ability to catalyze the pyruvate de- 
hydrogenase reaction. All of the mutant cell extracts uniformly 
failed to catalyze the pyruvate dehydrogenase reaction irrespec- 
tive of their period of collection. The enzyme system responsible 
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Fic. 3. Growth curve for acetate-requiring mutant. The 
growth medium contained 1 umole of sodium acetate per ml in 
the minimal medium minus citrate described by Davis and 
Mingioli (17). At the time intervals indicated, turbidity 
(O——O), glucose concentration (A——A), and pyruvate con- 
centration (@——@) were determined. 


TaBLeE III 
Enzyme content of mutant and wild-type extracts 
Extract 
Assay 
Wild-type Mutant 
units per | specific | units per | specific 
ml activity ml activity 
60 0.14 0 0 
2. Lipoic transacetylase....... 7.2 | 0.25 4.5 0.16 
3. Lipoic dehydrogenase........ 1000 48.5 590 36.0 
4. CO. exchange............. 2100 72.4 0 0 
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for the rapid disappearance of pyruvate has been subsequently 
identified as a flavoprotein-cytochrome complex similar to or 
identical to the Proteus vulgaris pyruvate oxidase system (26). 
The accumulation of pyruvate in the growth medium apparently 
serves as an inducer for the adaptive formation of this enzyme 
system. Full details concerning the nature of this enzyme system 
and its properties will be presented in a separate paper. For 
present purposes, it should be emphasized that mutant cells 
remain incapable of catalyzing the DPN, CoA, lipoic acid-linked 
pyruvate dehydrogenase reaction, and the observed pyruvate 
utilization reflects a new enzymatic activity rather than a re- 
version to wild-type growth. 

Pyruvate Dehydrogenase System from Mutant and Wild-Type 
Cells—The mutant extract, in contrast to the wild-type extract, 
fails to exhibit enzymatic activity in the pyruvate dehydrogenase 
reaction (Reaction 5) as measured in the dismutation assay, 
even when fully supplemented with respect to cofactors and 
accessory enzymes. Crude extracts of wild-type cells oxidize 
pyruvate in the dismutation assay at an approximate rate of 
0.25 umole of pyruvate per hour per mg of protein. A combina- 
tion of the wild-type and mutant extracts doubled the rate of 
pyruvate oxidation. Since the mutant crude extract was in- 
active by itself, this result was interpreted as an indication that 
the wild-type extracts could supply an enzyme component to 
the deficient mutant pyruvate dehydrogenase system and, thereby, 
effect a reconstitution of the pyruvate dehydrogenase system 
in the mutant extract. Subsequent experiments established 
the fact that the observed stimulation of the mutant extract by 
the wild-type extract was enzymatic in nature and efforts were, 
therefore, directed toward the identification of the ‘‘mutant 
missing enzyme.” 

Comparison between Mutant and Wild-Type Extracts for Com- 
ponents of Pyruvate Dehydrogenase System—To gain further 
information concerning the nature of the metabolic lesion in 
the mutant, a comparison was made between the mutant and 
wild-type extracts with respect to those partial reactions associ- 
ated with the over-all pyruvate dehydrogenase reaction. Table 
III compares the activities of both extracts in the dismutation 
(over-all reaction), lipoic transacetylase (Reaction 3), lipoic de- 
hydrogenase (Reaction 4), and CO, exchange assay (Reaction 1). 
In direct contrast to the wild-type extract, the mutant failed to 
catalyze both the CO, exchange reaction and the over-all dis- 
mutation reaction. Both extracts catalyzed the lipoic trans- 
acetylase and lipoic dehydrogenase reactions. 

These preliminary results strongly suggested that the mutant 
extract lacked the pyruvate carboxylase component (Reaction 1) 
of the pyruvate dehydrogenase complex. Furthermore, these 
results predicted that the observed stimulation of the mutant 
extract by the wild-type extract resulted from the combination 
of the deficient mutant pyruvate complex with the excess pyru- 
vate carboxylase activity present in the wild-type extract. 

Identification of Pyruvate Carborylase as ‘“‘Mutant Missing 
Enzyme’’—Pyruvate carboxylase was purified from the wild- 
type cell extract as described in the section on “Enzyme Purifica- 
tion.’”’ One assay system upon which this purification scheme 
was based measured the ability of the pyruvate carboxylase 
fractions to combine with and restore activity to the mutant 
extract in the dismutation reaction. In the early stages of 
purification of the wild-type extract for this enzyme component, 
the wild-type fractions were active by themselves in the dismuta- 
tion assay. However, in the later stages of purification, the 
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activity of the wild-type pyruvate carboxylase fractions by 
themselves fell to zero so that activity in the dismutation reac- 
tion required the presence of both the crude mutant extract and 
the purified pyruvate carboxylase fraction. The addition of 
increasing amounts of purified pyruvate carboxylase to the 
deficient mutant extract produces a linear response in the rate 
of dismutation activity. 

Pyruvate carboxylase activity was independently assayed by 
measuring the C140, exchange into pyruvate. Purified pyruvate 
carboxylase fractions catalyzed the incorporation of CO. into 
pyruvate at an approximate rate of 1000 c.p.m. per mg of pro- 
tein under the assay conditions used. The incorporation of 
CO, into pyruvate was linear for at least 90 minutes and was 
linear with respect to enzyme concentration. The CO, ex- 
change reaction required thiamine pyrophosphate for activity 
and was insensitive to arsenite (Table IV). 

The results shown in Table V compare the activity of the 
wild-type pyruvate carboxylase enzyme at various stages of 
purification for activity in the CO, exchange assay and for its 
ability to combine with the mutant extract and restore dismu- 
tation activity. During the entire course of purification the 
ratio of these two activities remains constant. This finding, 
therefore, confirms the hypothesis that pyruvate carboxylase is 
the “mutant missing enzyme.” 

Requirement for Pyruvate Carborylase, Lipoic Transacetylase, 
and Lipoic Dehydrogenase in Pyruvate Dehydrogenase Reaction— 
Since the mutant extract lacked the pyruvate carboxylase 
component of the pyruvate dehydrogenase system, it offered an 
ideal source for both lipoic transacetylase and lipoic dehydrogen- 
ase free of the pyruvate carboxylase component. The mutant 
extract, therefore, served as the preferred starting material for 
the purification of these two enzymes. The requirement for 
lipoic transacetylase, lipoic dehydrogenase, and pyruvate 
carboxylase, to reconstitute the pyruvate dehydrogenase com- 
plex, is shown in Table VI. 
carboxylase is absolute since neither mutant lipoic transacetylase 
nor mutant lipoic dehydrogenase was contaminated with this 
enzyme. The requirement for lipoic transacetylase and lipoic 
dehydrogenase is not absolute since pyruvate carboxylase, ob- 
tained from wild-type cells, is not completely resolved with 
respect to these enzymes. It is clear, however, that maximal 
dismutation activity requires the presence of all three enzymatic 
activities. 

Table VI also shows the cofactor and accessory enzyme re- 
quirements for the reconstructed dismutation reaction. All 
the predicted components except phosphotransacetylase are 
required for activity. Independent assays showed that the 
purified mutant lipoic transacetylase fraction was contaminated 


TABLE IV 
Response of C'4O2 exchange to thiamine pyrophosphate and arsenite 


The complete system contained the components of the CO, 
exchange assay plus 2.2 mg of purified pyruvate carboxylase. 
Incubation time was 1 hour. 


Additions 

c.p.m./pmole 
2. Complete system plus arsenite (1.5 X 107-3 M)... 4780 
3. Complete system minus thiamine pyrophosphate 266 


A. D. Gounaris and L. P. Hager 
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TABLE V 
Comparison of pyruvate carborylase in C'4O2 exchange assay and 
for its ability to combine with mutant extract to 
reconstitute pyruvate dehydrogenase complex 


Purification step Ratio 

Specific activity 

Protamine eluate................. 395 474 0.83 
pH 5-5.5 extract................. 335 387 0.87 
0.36-0.48 Saturation (NH4)2SO,... 975 1070 0.91 

DEAE chromatography.......... 1030 913 1.1 

TABLE VI 


Enzyme and cofactor requirements for pyruvate dehydrogenase system 


The complete system contained the components of the dismu- 
tation assay. 


Acetyl 

Additions 

formed 

pmoles/ 

30 min 
2. Complete system minus 27 ung pyruvate carboxylase..| 0.0 
3. Complete system minus 214 ug lipoic dehydrogenase..| 0.5 
4. Complete system minus 100 ug lipoic transacetylase..| 0.6 

5. Complete system minus 0.1 umole thiamine pyrophos- 

6. Complete system minus 0.1 wmole CoA............... 0.3 
7. Complete system minus 0.5 wmole DPN.............. 0.0 
8. Complete system minus lactic dehydrogenase. ....... 0.4 
9. Complete system minus phosphotransacetylase.......| 2.1 


with sufficient quantities of phosphotransacetylase to account 
for the over-all rate. Attempts to separate the phosphotrans- 
acetylase and lipoic transacetylase activity by the heat-treatment 
step which was successful with wild-type lipoic transacetylase 
preparations (8) were unsuccessful. The mutant lipoic trans- 
acetylase preparation is significantly more heat-labile than its 
wild-type counterpart. 


DISCUSSION 


The results clearly demonstrate that the E. coli acetate-re- 
quiring mutant fails to catalyze the DPN, CoA, lipoic acid- 
linked pyruvate dehydrogenase reaction. Since the mutant 
contains both lipoic transacetylase and lipoic dehydrogenase 
activity but fails to catalyze the C'4O, exchange into the carboxyl 
group of pyruvate, it would appear that the mutant lacks only 
the first enzyme in the postulated sequence of reactions that 
constitutes the over-all pyruvate dehydrogenase reaction. The 
hypothesis is supported by the fact that wild-type extracts con- 
tain an enzyme which combines with the mutant extract to 
restore pyruvate dehydrogenase activity. Over an 89-fold 
purification range the ratio of activity of the wild-type enzyme 
remains constant in both the CO, exchange assay and in the 
assay measuring the ability of the wild-type enzyme to restore 
activity to the mutant extract. Furthermore, ithas been possible 


to show a requirement for both lipoic transacetylase and lipoic 
dehydrogenase (obtained from the mutan{.ces) and pyruvate 
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carboxylase (obtained from the wild-type cells) to reconstitute 2. GuNnsatus, I. C., J. Cellular Comp. Physiol., 41 (suppl.), 113 | 


(1953). 

3. Reep, L. J., Physiol. Revs., 38, 544 (1953). 
ese findings do not encompass the role of the enzyme 4° gcywerr, R. S., Futp, M., Cuestock, K., anp Patt, M. H, 
catalyzing Reaction 2 in the proposed sequence. It see.ns most in W. D. McE.Roy anv B. Giass (Editors), Symposium on — 
probable that both the mutant and the wild-type extract contain phosphorus metabolism, Vol. J, Johns Hopkins Press, Balti- 
this activity although it has not been possible to devise an ex- Ed; 
periment to give an unequivocal answer to this question. Crude Crates, in M. Luck (Halter), review af 
biochemistry, Vol. 22, Annual Reviews, Inc., Stanford, Calif., 

extracts of both the wild-type (8) and mutant cells! contain 1953, p. 17. ! 
protein-bound lipoic acid and, presumably, the lipoic acid is 6. Korxgs, S., Brookhaven Symposia in Biol., 5, 192 (1952). : 


bound to the enzyme catalyzing Reaction 2. The fact that the 7. GotpBerG, M., ano Sanapi, D. R., J. Am. Chem. Soc., 74, © 


8. Hacer, H. P., Ph.D. Dissertation, University of Ilinois, | 
that the CO, exchange does not involve the participation of 1953. : 
lipoic acid and, therefore, restrict the CO, exchange assay to a 9. GuNsaLus, I. C., in W. D. McEuroy anpb B. GuLass (Editors), — 
measure of pyruvate carboxylase activity. It would appear Symposium on the mechanism of enzyme action, Johns Hop- © 
possible that an extension of these studies, either in the direction kins P “ee Baltimore, 1954, p. 545. Pn ES 
of obtaining a variety of acetateless mutants or a more extensive 10. 
resolution of the enzymes in the existing mutant, would allow an 4). JAGANNATHAN, V., AND ScuweEkt, R. S., J. Biol. Chem., 196, € 
indirect assay for the enzyme catalyzing Reaction 2 in the pro- 551 (1952). 3 f 
posed reaction sequence. 12. SANADI, D. R., LITTLEFIELD, J. W., AND Bock, R. M., J. Biol. ; c: 

Chem., 197, 851 (1952). ' 
SUMMARY 13. Korkes, 8., DEL CamMPILLo, A., GUNSALUs, I. C., AND OcHoa, 
S., J. Biol. Chem., 193, 721 (1951). a 
1. Cell-free extracts of an acetate-requiring mutant of E'scheri 14. Massey, V., Biochim. et Biophys. Acta, 38, 447 (1960). g 


chia coli fail to catalyze the diphosphopyridine nucleotide, 45 gearus, R. L., anv SaNapr, D. R., J. Biol. Chem., 286, 2485 [ 


coenzyme A, lipoic acid-linked pyruvate dehydrogenase reaction. (1960). EY 
Korkes, S., in S. P. CoLowick anp N. O. Kaptan (Editors), 


2. Extracts of the mutant cells contain the lipoic transacetylase 16 : f t] 
and lipoic dehydrogenase components of the pyruvate dehydro- a ~~ y, Vol. I, Academic Press, Inc., New — t] 
genase system. : 17. Davis, B. D., ss MINGIOLI, K.S., J. Bacteriol., 60, 17 (1950). 

3. Extracts of the mutant cells do not contain the pyruvate 18. Sraprman, E. R., J. Biol. Chem., 196, 527 (1952). 
carboxylase component of the pyruvate dehydrogenase system 19. LipMaNnn,F., aNp Tutte, L.C.,J/. Biol. Chem., 169, 21 (1945). 
as evidenced by their lack of ability to catalyze the exchange of 20. va O., and Curistian, W., Biochem. Z., 310, 384 _ 

Or 
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wa the carboxyl group of 21. Staptman, E. R., G. D., AND LipMaNN, F., J. Biol. th 
4. Pyruvate carboxylase purified from wild-type cell extract Chem., 191, 365 (1951). 
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Under physiological conditions several anionic metabolites 
rapidly diffuse into and out of muscle. Myocardium, for in- 
stance, readily utilizes fatty acids and lactic acid (1, 2). The 
extrusion of lactic acid from skeletal muscle is well known. The 
rapid transfer of these ions across membranes of muscle cells 
contrasts with the relative impermeability of muscle to bicarbo- 
nate (3) and probably other anions (4). To help resolve this 
apparent discrepancy, we have investigated the diffusion of or- 
ganic anions into rat diaphragm in vitro. Our studies show that 
specific properties of the cell membrane facilitate the uptake of 
such anions. Evidence obtained in kinetic studies indicates that 
these anions, in diffusing from medium to cells, do not pass 
through the main bulk of the interstitial fluid of the tissue. 


EXPERIMENTAL PROCEDURE 


Weanling Sprague-Dawley rats were used in this study. In 
order to avoid errors caused by differences in tissue thickness, 
the paired hemidiaphragm technique was used in most experi- 
ments. When more than two experimental variables were to be 
compared, or when successive determinations of the same vari- 
able were required, hemidiaphragms from rats of the same weight 
were pooled. Intact diaphragms were also obtained from ani- 
mals of uniform weight. The animals were killed by decapita- 
tion, and their diaphragms immediately excised and placed into 
0.9% sodium chloride solution at room temperature. Alterna- 
tively, intact diaphragms were prepared as described by Kipnis 
and Cori (5). 

Because the duration of incubation influenced the behavior of 
tissues, a constant preliminary incubation of 2 minutes was 
routinely used. The tissues were then rapidly transferred into 
the radioactive test solution. All incubations were carried out 
in a Dubnoff shaker in air, or with the appropriate gas bubbling 
through the medium. For analysis, tissues were quickly blotted, 
weighed, and then placed into test tubes containing 3 ml of ice- 
cold 5 mM solution of nonradioactive carrier. The suspended 
tissues were macerated by freezing and thawing, and then ex- 
tracted in the cold for 2 hours. Extraction was finally completed 
by 5 minutes of exposure to the boiling water bath. A control 
experiment had shown complete recovery of C!4-propionate from 
tissue under these conditions. The extracts were centrifuged 
and duplicate portions of the supernatant plated on aluminum 
planchets for counting at constant thickness in a Nuclear-Chicago 
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gas flow counter. Media were also prepared for counting by 
suitable dilution with 5 mm earrier solution. Results are ex- 
pressed as 7/M, where T and M are the radioactivities per 
gram of tissue and per milliliter of medium, respectively. 

Radioactive substrates were purchased as carboxyl-C'*-labeled 
sodium salts. They were used at a concentration of 0.1 ue per 
ml of final incubation medium. The basal medium routinely 
contained 138 mm NaCl, 5 mM sodium phosphate, pH 7.2, 6 mm 
KCl, 2 mm MgSO,, and 1 mm CaCle. Anion uptake occurred at 
normal rates, however, even in 0.9% NaCl. Carrier anion re- 
placed an equivalent amount of chloride to give a final concentra- 
tion of 0.8 mm (low anion medium) or 50 mm (high anion me- 
dium). At the end of each experiment, the pH values of the 
incubation media were checked. This precaution was especially 
necessary because of the high permeability of tissues to undissoci- 
ated acids. The relatively large volume of incubation medium 
prevented significant changes in concentrations during incuba- 
tion. Our early experiments were carried out with acetate. 
When further work showed that all the factors studied affected 
acetate and propionate uptake in the same way, propionate was 
preferred because of its slower metabolism in rat muscle. 

To measure recovery of fatty acids from tissues, acidified por- 
tions of extracts were shaken with ether. Recovery was then 
calculated from the simultaneously determined distribution of the 
fatty acid between ether and water and the radioactivity of the 
ether extract. The validity of this procedure was confirmed 
with chromatograms run in 70% n-propanol-30% aqueous NHs3, 
and analyzed with a windowless gas flow radiochromatogram 
scanner (Atomic Accessories, Inc.). The formation of CO. was 
determined in Warburg vessels. Carbon dioxide trapped in the 
center well was precipitated and counted as BaCO; at infinite 
thickness. 


RESULTS 


Concentration and Temperature Dependence—Table I shows 
effects of concentration and temperature on propionate uptake 
by the two types of diaphragm preparations. The results out- 
lined are based on one experiment, but all were repeatedly con- 
firmed in independent studies. At 37°, both intact tissues and 
hemidiaphragms took up much less C" in high propionate than 
in low propionate medium. Propionate influx must therefore 
include a process of limited capacity. Even at 5 mM propionate, 
more than half-saturation of this process was achieved; a 50 mm 
concentration therefore insured virtual saturation. A drop in 
temperature from 37° to 2° reduced C" influx in the high anion 
medium by only one-half. Uptake from low propionate medium, 
however, varied more strongly with temperature. These facts 
support the view that the fraction of C'-propionate uptake 
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which is independent of carrier concentration in the medium 
represents passive diffusion into the interstitial fluid. In that 
case, the portion of C! influx which decreases with increase in 
extracellular propionate levels may be identified with cellular 
penetration. The absence of a concentration effect at 2° (Table 
I) indicates that this cellular penetration is also temperature- 
sensitive. The greater passive C' uptake by cut tissue than by 
intact diaphragm under otherwise equal conditions can be 
explained by passive leakage into cut fibers (6). 

The influence of concentration on propionate uptake is further 


TABLE I 


Uptake of propionate 
The values shown are means + standard deviation of dupli- 
cate assays of n separate tissue samples after 1-minute incuba- 
tion. 


Medi 
Tissue concent- n 
mM 
Se 50 37° 0.113 + 0.012 10 
0.8 0.377 + 0.032 10 
37° 0.155 + 0.012 10 
> ae 50 0.074 + 0.012 5 
Cut. . 0.8 2° 0.079 + 0.002 5 
.500 T T T T T T 
e 
-400F 
.300 
.200 
100 
6) T T T T T T T 


20 30 40 50 


Time (Seconds ) 

Fic. 1. C'*-Propionate uptake by hemidiaphragms. Pooled 
hemidiaphragms were incubated at 37° in Ringer solution contain- 
ing 0.8 mm (@) and 50 mm (X) propionate, respectively. Each 
point represents the mean of duplicate assays on one tissue. The 
solid lines are theoretical predictions calculated from the values 
in Table I in accordance with a diffusion model further described 
in the text. 
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Experimental points show the C™ content 
The 


illustrated in Fig. 1. 
of hemidiaphragms after varying periods of incubation. 
solid lines are theoretical functions to be discussed below. 

Effects of Analogues—The following anions at 3 mm depressed 
the cellular uptake of C™, supplied as 0.8 mM acetate, by at 
least 30% during a 20-second incubation: acetate, propionate, 
isobutyrate, octanoate, pyruvate, and L-lactate. Complete in- 
hibition would have reduced the total tissue level to that observed 
in the presence of 50 mM acetate. A 50% inhibition of cellular 
C'_acetate uptake was achieved by the further addition of about 
2 mM carrier acetate to the basal 0.8 mm medium. 

Acetate uptake was not affected by 3 mM concentrations of 
formate, glycolate, glycine, acetamide, D-lactate, glycerate, mal- 
onate, succinate, cysteine, glutamate, benzoate, or methyl sul- 
fonate. The majority of these compounds remained without 
effect even when present in concentrations 15 times higher. An 
exception is formate, which inhibited at high levels. In experi- 
ments similar to those discussed here, many of the inhibitors of 
acetate influx into cells also depressed propionate influx. Not 
all active compounds were equally efficient. Thus, in a repre- 
sentative experiment, cellular uptake of 0.8 mM propionate by 


hemidiaphragms during a 40-second incubation at 37° was in- — 
hibited 61% by the further addition of 4 mM propionate, but — 


only 37% by 4 mM L-lactate. 


Attempts were made to distinguish between competitive and | 


noncompetitive action of the inhibitory structural analogues. 


Experimental variability rendered it impractical to solve this — 
question graphically. Nevertheless, the structural similarities | 


among the active compounds suggest that we are dealing here 
with competitive inhibition. 

Inhibitors—Cellular uptake of acetate during an incubation 
period of 20 seconds was inhibited by 2,4-dinitrophenol (0.1 
mM), protamine sulfate (2 mg per ml), and HgCl, (0.6mm). Hg 
exerted its full effect without preliminary contact of the tissue 
with the inhibitor. No appreciable lag period need elapse, 
therefore, before Hg inhibition sets in. This inhibition was not 
reversed by washing of the tissue in fresh Ringer solution. 
Hg inhibition of C' uptake was observed in the presence of a 
high carrier anion concentration in the medium. This agrees 
with the conclusion that C' uptake under those conditions con- 
sists almost entirely of the passive filling of the interstitial fluid 
space. No action of ouabain (0.03 mM) on acetate uptake was 
noted. The following compounds were found to depress cellular 
propionate uptake: azide (2.5 mM), p-hydroxymercuribenzoate 
(1 mm), Neohydrin (2 mm), Mercuhydrin (1 mm). 
uptake was not affected by removal of O2 with a constant stream 
of No, or by addition of cyanide (2 mM), fluoride (7 mM), arsenate 
(10 mm), arsenite (5 mm), hydrocortisone (0.2 mM), or thyroxine 
(saturated solution). Insulin (0.8 unit per ml) remained without 
effect even after a 15-minute preliminary incubation. 

Pathway of Diffusion—In previous work on the diffusion of 
solutes into rat diaphragm, it was generally assumed that the 
interstitial fluid of the tissue lies on the main diffusion path from 
medium to cells. Such a model of the diffusion system is similar 
to that shown adequately to describe the transport of p-amino- 
hippurate by kidney slices (7). It may be referred to as a series 
model (Fig. 2a). In this model, the rate of filling of the inter- 
stitial fluid by C" in a high anion medium is described by Equa- 
tion 1. 
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= k,(M — A/0.2) 


No 


Propionate 


1 
Ss 
p 
a 
m 
u 
In 
is 
ml 
of 
ta 
In 
(se 
bul 
int 
2a) 
mo 
we 
that 
«diff 
cons 
able 
com 
the 
ofp 
2b, 
inde 
diap 
by 
© | give 
F ors 
contr 
(6). 
sive 
‘ upta 


April 1961 


a b 


Fic. 2. Models of diffusion paths. M, suspending medium; A, 
interstitial fluid; B, intracellular fluid. Portions of the inter- 
stitial fluid providing access to the cells in b without requiring 
passage through the main bulk of the extracellular compartment 
are included in the line separating M and B. 


Here, A and M are the C" activities per gram of whole tissue 
and per milliliter of medium, respectively; ¢ measures time in 
minutes and k, is the rate constant. We assume a water dis- 
tribution in the intact diaphragm between an extracellular vol- 
ume of 20% (5) and an intracellular volume of 60% of the tissue. 
Integration of Equation 1 leads to Equation 2. 


A = 0.2 M (1 — e-*1t/0-2) (2) 


The value of k, derived from the results collected in Table I 
is 0.17 min-!. The maximal theoretical amount of propionate 
which can cross from the medium into the interstitial fluid in 1 
minute would therefore lead to a tissue level equivalent to 17% 
of the medium concentration. The actual amount of propionate 
taken up under these conditions by intact diaphragm suspended 
in 0.8 mM propionate Ringer solution was equivalent to 38% 
(see Table I). It follows that diffusion into and across the main 
bulk of the interstitial fluid cannot precede the filling of the 
intracellular compartment. Therefore, the series model (Fig. 
2a) cannot explain the observed diffusion rates. An alternative 
model, referred to as parallel model, is suggested (Fig. 2b). If 
we assume in this model that process A — B occurs at such a rate 
that all propionate which enters compartment A immediately 
diffuses into B, this would reduce the value of the apparent rate 
constant of process M to B by only 25%. Actually, a consider- 
able portion of the tissue propionate is likely to be contained in 
compartment A. In this case the influence of process A — B on 
the calculated rate constants becomes negligible. The transfer 
of propionate from A into B has therefore been omitted in Fig. 
2b, and the rate constants may be ascribed to two single and 
independent processes as shown. 

Of the rate constants, k,, which describes the rate of filling of 
A, was derived from Equation 2. The C" content of intact 
diaphragms incubated in low propionate medium is then given 
by T = A + B, where B = 0.6 M (1 — e-*:!/9-6). The result 
given in Table I leads to a calculated value of kz of 0.35 min—. 
For studies with hemidiaphragms it is necessary to add to T the 
contribution of passive leakage through the cut ends of fibers 
(6). On the assumption that over short time intervals, the pas- 
sive leakage rate remains constant, its contribution to the total 
uptake would be proportional to the medium concentration and 
would equal ksMt. The value of k3 can be derived from the 
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results collected in Table I by comparing the tissue to medium 
ratio obtained in high propionate medium with intact and with 
cut diaphragms, respectively. A value of k3 = 0.04 min“ is 
thus calculated. Fig. 1 shows both the experimentally observed 
propionate uptake by hemidiaphragms, and the uptake theoret- 
ically predicted from the values of the rate constants based on 
the data in Table I and the assumption of a parallel model of 
the tissue. 


DISCUSSION 


We have studied in the present paper the uptake of short chain 
fatty acid anions by cells of the rat diaphragm. The rate of this 
uptake was seen to be depressed by a drop in temperature and 
by the action of several inhibitors. It becomes independent of 
concentration at high levels in the medium. Anion uptake is 
also affected by the addition of certain structural analogues. 
According to the definition proposed by Danielli (8), these ob- 
servations can be explained by the presence in the cell membrane 
of a mechanism facilitating the diffusion of these anions. That 
such a system should be needed to mediate anion uptake is not 
surprising in view of the low anion permeability of many cells. 
The diffusion of pyruvate into yeast cells, for instance, is linked 
to metabolism (9). Asymmetrical fluxes of lactate across the 
gastric mucosa have been attributed to active transport (10). 
Transfer of acetic, propionic, and butyric acids against a con- 
centration gradient was demonstrated in rat intestine in vitro 
(11). Huckabee (12) inferred that lactate extrusion from muscle 
may be catalyzed by a special transfer mechanism. We have 
found in unpublished experiments that at 2°, labeled lactate 
added to the suspending medium does not equilibrate with endog- 
enous lactate of rat diaphragm. The facilitated diffusion of these 
anionic metabolites across cell membranes may provide an ex- 
planation for their rapid movement under physiological condi- 
tions, 

Structural Specificity—Results of the experiments designed to 
test the inhibitory action of structural analogues show that only 
certain monocarboxylic acid anions possess affinity for the trans- 
fer mechanism. A correlation between lipid solubility of the 
undissociated acid and activity of the anion is illustrated by the 
fact that glycolate, for instance, does not compete with acetate. 
However, the observation that, in spite of the high lipid solubil- 
ity of benzoic acid, the benzoate ion is inert, indicates that lipid 


solubility may be secondary to specific structural requirements. 


This is further borne out by the ability of the facilitated diffusion 
mechanism to distinguish between L- and pD-lactate. The L 
isomer exerts its full inhibition even in the presence of 1 mm 
cyanide, a concentration sufficient to abolish lactate oxidation. 
The inertness of the D isomer, therefore, cannot be explained by 
its slower rate of oxidation to pyruvate and acetate. It is of 
interest here to refer to the work of Craig (13), who observed 
faster reabsorption of L-lactate than of D-lactate in the renal 
tubule. The action of pyruvate also is probably not preceded 
by its breakdown to acetate. Indeed, 1 mm pyruvate was found 
to be as effective as 1 mM acetate in reducing the uptake of C"- 
acetate over a period of 20 seconds. If acetate formation had 
been involved in the action of pyruvate it would be necessary to 
assume that significant pyruvate oxidation can occur in this 
system in less than 20 seconds. 

Uptake and Metabolism—The mechanism facilitating anion 
transfer across the cell membrane differs from the enzyme sys- 
tems catalyzing metabolic transformations of these anions. This 
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follows from the observation that the major fraction of propionate 
taken up by cells could be recovered unchanged from the tissue. 
In addition, no appreciable radioactive CO. was formed from 
propionate or acetate during the short periods of incubation used 
in the present experiments. An especially clear distinction be- 
tween uptake and metabolism of anions could be made in the 
ease of acetate. Under aerobic conditions, all acetate entering 
the intracellular compartment was immediately transformed into 
more polar compounds, presumably di- and tricarboxylic acids. 
In the absence of oxygen, or upon addition of cyanide, this 
metabolic transformation was completely abolished. Acetate 
uptake, however, continued at a normal rate. 

Action of Inhibitors—The dissociation of anion transfer from 
anion metabolism implies that the observed concentration in- 
dependence of C™ anion uptake at higher medium concentrations 
cannot be explained by a saturation of intracellular enzyme 
systems. The saturation kinetics therefore support the view 
that a specific transfer system in the membrane facilitates anion 
diffusion. It follows that low concentrations of inhibitors of 
anion uptake such as mercury compounds do not exert their 
effect by interfering with metabolism of these anions. Rather, 
they may react directly with sites on the membrane. Such a 
conclusion was reached by Demis and Rothstein (14) in studies 
of sugar uptake by diaphragm. It is further strengthened by 
the rapidity of onset of full Hg inhibition described here. 

The results clearly show that respiratory energy is not required 
for the anion uptake. Nor were any effects of glycolytic inhibi- 
tors noted. A linkage of the transfer mechanism to metabolic 
energy is suggested by the action of 2,4-dinitrophenol and of 
azide, as well as by the cessation of uptake in the cold. 


SUMMARY 


1. In the excised rat diaphragm, more propionate enters the 
cells in 1 minute than can diffuse into the bulk of the interstitial 
fluid spaces during the same period. It follows that the diffusion 
path of propionate from medium to cells passes through only a 
small portion of the interstitial fluid. 

2. The cellular uptake of propionate is catalyzed by a tempera- 
ture-dependent mechanism which becomes saturated at low 
extracellular concentrations of propionate and structurally re- 
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lated substances. 
this mechanism. 


metabolic transformations. 


3. Affinity for the diffusion mechanism is shown by certain 


lipid-soluble monocarboxylic acids. The inertness of benzoate 
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Compounds of mercury specifically depress — 
Inhibitors of oxidative or glycolytic metabo. — 
lism have no effect, but azide and 2,4-dinitrophenol inhibit — 
strongly. No action of insulin was observed. The uptake of | 
anions can be clearly separated from their further intracellular — 


and the ability of the system to distinguish between L- and D-lac- 


tate indicate the involvement of further steric factors. 
4. The facilitation of anion diffusion across muscle cell mem- 


branes helps explain the ready physiological diffusibility of — 
anionic metabolites such as pyruvate, lactate, and the short | 


chain fatty acids. 
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In previous studies (1) it was found that adrenaline had a 
marked stimulatory action upon the respiration of rat epididy- 
mal adipose tissue in vitro. In view of the many similarities 
between the metabolic actions of adrenaline and of glucagon it 
was of interest to study the action of glucagon upon the metab- 
olism of adipose tissue tn vitro. Glucagon is now known to cause 
the release of free fatty acids from adipose tissue in vitro (2) and 
to activate phosphorylase in adipose tissue (2, 3); it has been 
suggested that its lipolytic activity is related to its action on 
phosphorylase (3, 4). In addition, glucagon increases glucose 
uptake by adipose tissue (2, 5), although there is still some doubt 
whether this effect is characteristic of glucagon or is an effect of 
insulin contamination (5). Also, glucagon has been reported to 
increase the oxygen uptake of adipose tissue incubated with 
glucose, succinate, and acetate (6) and to decrease the incorpora- 
tion of acetate-1-C'* into adipose tissue lipid (6). Glucagon is 
known to influence both carbohydrate and fat metabolism in 
other tissues in vitro. Fatty acid synthesis from acetate (7) 
and from glucose (8, 9) by liver slices is inhibited by glucagon, 
and fatty acid oxidation is increased, as indicated by increased 
ketone body formation (8, 10). 

In the experiments to be reported it is shown that glucagon 
increases the oxygen consumption of adipose tissue. Glucose is 
required for this effect of glucagon and the stimulation of glucose 
uptake parallels the stimulation of oxygen consumption. In 
addition glucagon causes a simultaneous release of free fatty 
acids and glycerol from tissue incubated in the absence of 
glucose. A preliminary report of some of this work has been 


made (11). 
EXPERIMENTAL PROCEDURE 


Methods 


Rat epididymal adipose tissue, prepared as described previously 
(1), was used. Male rats (190 to 260 g) from the Holtzman 
Rat Company, maintained on a diet of Victor Fox pellets ad 
libitum, were used in all experiments. Rats were killed by de- 
capitation. The technique of incubation and measurement of 
oxygen consumption will be described elsewhere.! The incuba- 
tion medium was a phosphate-buffered Ringer’s solution lacking 
calcium (12) and containing albumin (Nutritional Biochemicals 
Corporation, Bovine albumin Fraction V) at a concentration of 
3g per 100 ml. The albumin was dissolved in the phosphate 
Ringer’s solution and then dialyzed overnight at +2° against two 


* This work was supported by a grant from the National Re- 
search Council of Canada. 

' J. H. Hagen and E. G. Ball, submitted for publication to En- 
docrinology. 


changes of the Ringer’s solution. When glucose was added, its 
concentration in the incubation medium was 10 mM. 

A stock solution of glucagon? (Lilly lot No. 258-234B-167-1) was 
made in 0.1 m glycine buffer, pH 9.0; this solution was diluted 
in the albumin-containing medium to give the concentration 
required. The glucagon solution was always initially placed 
in the side bulb of the Warburg flask. In those experiments in 
which glucagon at a final concentration of 100 wg per ml was 
used, the glucagon was suspended in 0.1 M glycine buffer, pH 
9.0, to give a final concentration of 3 mg per ml and 0.1 ml of 
this suspension was used. Adrenaline and insulin’? solutions 
were prepared as described before (13). 

At the end of the incubation, aliquots of the incubation medium 
were deproteinized with zine sulfate and barium hydroxide and 
analyzed for their glucose or glycerol content. Glucose was 
measured by the glucose oxidase method (Glucostat reagent, 
Worthington Biochemical Corporation) according to the method 
of Saifer (14). In some experiments glycerol was measured as 
described by Korn (15). The FFA* contents of aliquots of the 
incubation medium and of homogenates of the tissue were 
measured by the method of Dole (16). 

In the experiments in which phosphorylase activation was 
measured, paired tissues were incubated, one with hormone and 
one without hormone, for 30 minutes. The tissues were then 
removed from the flasks, washed, homogenized in 0.25 Mm su- 
crose-0.1 M sodium fluoride solution, and the phosphorylase 
activity of the homogenates measured according to the method 
of Sutherland (17). Phosphate was estimated by the method of 
Weil-Malherbe and Green (18). Activation of phosphorylase is 
expressed as the difference between the phosphorylase activity of 
the tissue incubated with hormone and the phosphorylase ac- 
tivity of the tissue incubated without hormone; it is measured 
as wg of inorganic phosphorus liberated per 100 mg of tissue. 
FFA were also measured in aliquots of the incubation medium. 

In most of the experiments reported, paired tissues were 
incubated for 3 hours, one with hormone and one without hor- 
mone. The effect of the hormone is calculated from the differ- 
ence between the glucose uptake, oxygen uptake, glycerol release 
or FFA release by the two tissues. Glucose uptake, oxygen 
uptake, and glycerol release are expressed as umoles per 100 
mg of tissue (wet weight) in 3 hours. FFA release is measured 
as weq per 100 ml of tissue in 3 hours; it is the sum of the FFA 
recovered from the medium and the tissue. 


2]T am grateful to Dr. O. K. Behrens of Eli Lilly and Company 
for gifts of crystalline glucagon and of crystalline zinc insulin. 

3 The abbreviations used are: FFA, free fatty acids or non- 
esterified fatty acids; S.E., standard error of the mean. 
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RESULTS 


Dose-Response Curves for Effect of Glucagon on Oxygen U ptake, 
Glucose Uptake, and FF A Release 


In the absence of glucose, glucagon, at concentrations of 0.1 
to 100 wg per ml, causes the release of between 2 and 3 yeq of 
FFA per 100 mg of tissue in 3 hours (Fig. 1). A concentration 
of 0.01 ug per ml still has an effect on FFA release and a con- 
centration of 0.001 wg per ml has a very small and barely sig- 
nificant effect (P < 0.10). The oxygen uptake of adipose tissue 
incubated in the absence of glucose is increased only slightly by 
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GLUCAGON CONCENTRATION PSY PER ML 


Fic. 1. Dose-response curves showing the effects of glucagon 
on FFA release and oxygen uptake by adipose tissue incubated in 
the absence of glucose. Each point represents the mean of five 


experiments; the vertical lines are the standard errors of the means.~ 


© represents the effect of glucagon on FFA release; @ represents 
the effect of glucagon on oxygen consumption. The FFA release 
is the sum of the FFA released into the medium and the FFA 
liberated in the tissue. For details of the incubation see the 
“‘Methods”’ section of the text. 


pMOLes PER 1OOMG TISSUE IN 3 HOURS 


GLUCAGON EFFECT: 


GLUCAGON CONCENTRATION PER ML 

Fic. 2. Dose-response curves showing the effects of glucagon 
on FFA release, glucose uptake, and oxygen uptake by adipose 
tissue incubated with glucose. Each point represents the mean 
of six experiments; the vertical lines are the standard errors of the 
means. © represents the effect of glucagon on FFA release; @ 
represents the effect of glucagon on oxygen uptake; 0 represents 
the effect of glucagon on glucose uptake. The FFA release is the 
sum of the FFA released into the medium and the FFA liberated 
within the tissue. 


Glucagon and Adipose Tissue 
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TIME IN HOURS 
Fic. 3. Effect of glueagon on the oxygen consumption of adi- 
pose tissue incubated in the presence or absence of glucose. 


The 


left-hand graph shows the oxygen uptakes of paired epididymal — 
fat pads, one incubated with glucagon 10 yg per ml (solid line), | 


and one incubated without glucagon (broken line) in the absence — 
of glucose over a 3-hour period. Glucagon was added at zero — 
The right-hand graph shows a similar experiment in which — 
glucose, 10 mM, was present in the incubation medium. The rats | 


time. 
used in these two experiments were of similar sizes (210 and 220 g). 


glucagon at concentrations from 0.01 to 100 ug per ml. This 
slight stimulation of oxygen uptake occurs in the first hour of 
incubation and thereafter no stimulation is observed (Fig. 3). 
In contrast, in the presence of glucose, glucagon at concentra- 
tions of 10 or 100 ug per ml causes a marked stimulation of oxy- 
gen uptake (Fig. 2). This stimulation is maintained during 
the whole 3-hour incubation period (Fig. 3). Smaller concen- 
trations (0.01 to 1.0 ug per ml) also increase oxygen uptake but 
not to the same extent. Glucose uptake is also increased by 
glucagon. The stimulation of glucose uptake parallels the 
stimulation of oxygen uptake. In the presence of glucose, 


higher concentrations of glucagon (10 and 100 wg per ml) tend | 


to have smaller effects on FFA release than lower concentrations 
of glucagon (0.1 and 1.0 ug per ml). This trend is not apparent 
in the dose-response curve for the stimulation of FFA release 
by glucagon in the absence of glucose. Unfortunately, the wide 
variations in the glucagon effect on FFA release from day to day 
and from animal to animal, which are reflected in the large 
standard errors of the means shown in Fig. 2, make it impossible 
to demonstrate a statistically significant difference between the 
effect on FFA release of 100 wg per ml of glucagon and of 1 yg 
per ml of glucagon. Nevertheless, in each experiment in which 
all six concentrations of glucagon were compared, the same 
trend was noted. 


Effect of Insulin on Action of Glucagon 


Since higher concentrations of glucagon (10 and 100 ug per ml) 
stimulated glucose uptake it seemed possible that this effect 
might be partly caused by insulin contamination. It was pre- 
viously shown that the addition of insulin markedly enhanced 
the action of adrenaline on the oxygen consumption of adipose 
tissue incubated with glucose! and it seemed likely that 4 
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OXYGEN UPTAKE GLUCOSE UPTAKE 


PMOLES PER !IOOMG TISSUE IN 3 HOURS 


ch 
G GI I G Gl I 

Fic. 4. Effects of glucagon and insulin, separately and to- 
gether, on the oxygen uptake and glucose uptake of adipose tis- 
sue. G, glucagon, 10 ug per ml; J, insulin, 0.1 unit per ml; G/, 
glucagon, 10 wg per ml plus insulin, 0.1 unit per ml. The bars are 
the means of 9 (G and GJ) or 14 (J) experiments. The vertical 
lines are the standard errors of the means. The abscissa shows 
the increase in oxygen uptake or glucose uptake caused by gluca- 
gon or insulin measured in zmoles per 100 mg of tissue in 3 hours. 


similar enhancement of the glucagon effect might be occurring 
when the higher concentrations of glucagon were used. Since 
a concentration of glucagon of 10 ug per ml already has a max- 
imal effect on glucose uptake, it follows that this concentration 
should contain an amount of insulin capable of causing maximal 
stimulation of glucose uptake, 2.e. between 10? and 10? ywunits. 
An experiment was, therefore, carried out to see whether the 
addition of higher concentrations of insulin (0.1 unit per ml) to 
tissue incubated with glucagon, 10 wg per ml, would have any 
further effect on glucose uptake. The results of these experi- 
ments are shown in Fig. 4. It is clear that the separate effects 
of glucagon and of insulin on glucose uptake summate when the 
two are added together. In addition, the effect of glucagon on 
oxygen uptake is enhanced by insulin which itself has very little 
effect on oxygen uptake. 


Effect of Glucagon on FFA Release and on 
Phosphorylase Activity 


The dose-response curves for glucagon indicated that its 
FFA-releasing activity was not directly related to its action on 
glucose uptake and oxygen uptake. In view of the suggestion 
that the lipolytic action of glucagon might be related to its 
action on carbohydrate metabolism (3, 4), the effect of glucagon 
on phosphorylase activity was measured and compared with 
that of adrenaline. The results of these experiments are shown 
in Fig. 5. Adrenaline, 10 wg per ml, and glucagon, 10 ug per 
ml, increase phosphorylase activity to a similar degree over a 
30-minute incubation period. However, adrenaline is almost 
7 times more active than glucagon in causing release of FFA 
over this same period. 


Effect of Glucagon on Glycerol Release 


It is known that adrenaline causes the release from adipose 
tissue not only of FFA but also of glycerol (19-21). In five 
experiments, in which no glucose was present in the incubation 
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medium, medium glycerol was measured at the end of the in- 
cubation. Glycerol release caused by glucagon was 0.681 + 
0.051 (S.E) uwmoles per 100 mg of tissue in 3 hours: the simul- 
taneous FFA release caused by glucagon (into the medium and 
into the tissue) was 1.619 + 0.201 (S.E) weq per 100 mg of tissue 
in 3 hours. 

The time course of glycerol and of FFA release in the presence 
and absence of glucagon is shown in Fig. 6. Glucagon had a 
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Fic. 5. Comparison of the effect of glucagon on phosphorylase 
activity of and FFA release by adipose tissue with the effect of 
adrenaline. A, effect of adrenaline, 10 ug per ml; G, effect of glu- 
cagon, 10 ug per ml. The bars are the means of six experiments. 
The vertical lines are the standard errors of the means. 
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Fic. 6. The effect of glucagon on glycerol and FFA release by 
adipose tissue tn vitro. 
resents FFA release with glucagon. 


release; @§ represents glycerol release with glucagon. 


O represents control FFA release; 0 rep- 


@ represents control glycerol 


Two sam- 


ples of adipose tissue, each weighing 545 mg (from three rats 
weighing 240, 260, and 260 g), were incubated in separate flasks, 
each containing 9 ml of Krebs-Ringer-phosphate solution contain- 


ing albumin, 3 g per 100 ml. 


Samples of 1 ml were withdrawn at 


1, 4, 1, 2, 3, and 4 hours for estimation of glycerol and FFA. At 
each withdrawal the 1 ml was replaced by 1 ml of an. appropriate 


medium (either with or without glucagon, 1 ug per ml). 


A correc- 


tion has been made for the dilution brought about by this replace- 
The release of glycerol or of FFA is expressed as pmoles 


ment. 
or weq per 100 mg of tissue. 


umole of glycerol equals 3 weq of FFA. 
At the end of the incubation the FFA contents of the tissues 


were determined. These are shown on the graph by O 


The graphs are drawn so that 1 


X or 


O——X and are added to the amount of FFA released into the 
medium after 4 hours. 
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marked and immediate effect on glycerol release which could 
be seen as early as 15 minutes after the addition of glucagon. 
The curves for glycerol release and FFA release in the presence 
of glucagon do not parallel each other except during the first 
hour of incubation. This suggests that some of the FFA lib- 
berated from triglycerides are retained within the tissue. The 
FFA in the tissue were measured at the end of the 4-hour incu- 
bation. The sum of the FFA released into the medium and 
retained in the tissue as FFA was still not equal to the amount 
of FFA expected as calculated from the amount of glycerol re- 
leased. 


DISCUSSION 


The marked effect of glucagon on the oxygen consumption of 
adipose tissue resembles the action of adrenaline! in that both 
are enhanced by insulin and both require glucose. The small 
brief stimulation observed in the absence of glucose is possibly 
due to the presence of glycogen in the tissue. The meaning of 
the striking mole for mole relationship between the increase in 
glucose uptake and the increase in oxygen uptake which was 
observed in each individual experament is not clear; it would 
indicate the oxidation of only one-sixth of the extra glucose 
taken up and imply the trapping of a considerable percentage 
of the glucose carbon in other tissue constituents, possibly gly- 
ceride-glycerol. It has been shown that this is the fate of much 
of the additional glucose taken up under the influence of adrenal- 
ine by adipose tissue (20). 

The cause of the variability of the response of adipose tissue 
to glucagon from day to day and from animal to animal is not 
known. The response of adipose tissue in vitro to insulin is 
known to be dependent on the hormonal balance of the animal; 
it is decreased by increased adrenal cortical activity (22) and 
increased by hyperthyroidism (23). Possibly the response to 
glucagon is similarly influenced by other factors. 

How much of the glucagon effect on glucose uptake can be 
attributed to insulin contamination cannot be conclusively 
settled by the present results. However, the fact that the 
effect of a concentration of glucagon (10 wg per ml), which has 
a maximal effect on glucose uptake by itself, is further increased 
by the addition of insulin suggests that the action of glucagon 
by itself cannot be caused by the presence of contaminating 
insulin. The separate effects of glucagon (10 wg per ml) and 
of insulin (0.1 unit per ml) on glucose uptake summate when 
the two are added together, but the addition of 10 times more 
glucagon instead of the insulin causes no greater glucose uptake 
than that seen with glucagon (10 wg per ml) alone. 

The effect of glucagon on FFA release does not appear to be 
directly related to its effect on oxygen uptake and glucose uptake. 
Thus, a concentration of glucagon which has a maximal effect 
on FFA release (1 ug per ml) does not have a very great effect 
on glucose uptake or oxygen uptake, whereas a higher concen- 
tration (100 wg per ml) which has a much greater effect on glu- 
cose uptake and oxygen uptake has only the same effect on FFA 
release (in the absence of glucose) or a smaller effect on FFA 
release (in the presence of glucose). This depression of FFA 
release by glucose in the presence of higher concentrations of 
glucagon (10 or 100 wg per ml) is probably associated with re- 
esterification of the liberated FFA with glycerol precursors pro- 
vided by the increased glucose metabolism. 

The effect of glucagon on FFA release also does not appear 
to be closely associated with its effect on activation of phos- 


Glucagon and Adipose Tissue 


phorylase. During a 30-minute incubation adrenaline and 


Vol. 236, No. 4 | 


glucagon are almost equally active in activating phosphorylase, _ 
whereas adrenaline causes the release of about 7 times more — 


FFA than glucagon. This does not exclude the possibility that 
3’,5’-(evelic)-AMP might be an intermediate in both actions 
of the hormones. If the concentration required to activate 


phosphorylase were much lower than the concentration required | 


to cause release of FFA and, further, if adrenaline caused the 


formation of a greater amount of 3’ ,5’-(cyclic)-AMP than gluca- 


gon, the following might obtain: in such a situation adrenaline — 


would both activate phosphorylase and cause release of FFA — 


whereas glucagon might only activate phosphorylase. 


How- 


ever, the results do suggest that activation of phosphorylase is | 


not itself associated with increased release of FFA. 


Like adrenaline (19-21), glucagon causes the release of glycerol | 


from adipose tissue. In the absence of glucose in the incubation 
medium about 80% of the FFA, which must have been associated 
with the released glycerol in the tissue triglycerides, are released 
from the tissue together with the glycerol or retained in the 
tissue as FFA. The failure to account for all of the FFA ex- 
pected from the amount of glycerol released may be due to the 


re-esterification in the tissue of some of the liberated FFA. The | 
extent to which this could occur would be limited by the small : 


endogenous supply of glycerol precursors. 


It has been proposed (24) that adrenaline and adrenocortico- 
tropic hormone influence the rate of FFA production by inhibit- — 


ing the synthesis of triglycerides. 


25, 26), an increase in the rate of glycerol release necessarily im- 
plies an increase in the rate of triglyceride breakdown. Both 


adrenaline (21) and glucagon increase the rate of glycerol re- © 
lease and, therefore, probably also increase the rate of triglyceride — 
This does not exclude an additional action on © 
synthesis of triglyceride but it does suggest that it is not the © 


breakdown. 


only explanation. 


It has been suggested (20) that the accumulation of FFA in | 
the tissue under the influence of adrenaline may be responsible ~ 
for the observed effects of adrenaline on glucose metabolism in | 
This suggestion might also apply to glucagon — 
and the observed differences between the effects of the two © 
hormones might be ascribable to the differences in the concen- © 
trations of FFA which they cause to accumulate in the tissue. — 
In another paper! it is shown that adrenaline inhibited the 
oxygen uptake of adipose tissue incubated in the absence of | 
albumin in the medium and that this inhibition was related to | 
the high concentration of FFA in the tissue under these condi- | 
In early experiments in which glucagon was added to © 


adipose tissue. 


tions. 
tissue incubated in the absence of albumin no inhibition of oxy- 
gen uptake was ever observed during a 3-hour incubation period. 
This difference in the actions of adrenaline and of glucagon on 
oxygen uptake under these particular conditions is_ probably 


related to the difference in their ability to cause accumulation © 
Clearly the action of the hormones on — 


of FFA in the tissue. 
phosphorylase is not related to their action on FFA release. 


Also it is unlikely that their action on phosphorylase is related | 


to their action on glucose metabolism. As was pointed out by 
Vaughan (2) there are quantitative and possibly qualitative 
differences between the actions of glucagon and the actions of 
adrenaline and of adrenocorticotropic hormone on adipose tissue 
metabolism. Further experiments will show whether these dif- 


ferences may be ascribed solely to differences in FFA metab- 


Since glycerol cannot be — 
used by adipose tissue as a source of a-glycerophosphate (21, — 
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olism or whether other effects, independent of FFA, are also in- 
volved. 


SUMMARY 


1. Glucagon, in concentrations as low as 0.01 yg per ml, in- 
creases the release of free fatty acids by adipose tissue in vitro. 
A maximal effect is obtained with a concentration of 0.1 yg 
per ml. 

2. Glucagon increases the oxygen uptake and glucose uptake 
by adipose tissue in vitro. The presence of glucose is essential 
for this stimulation of oxygen uptake. A maximal effect on 
both glucose uptake and oxygen uptake is obtained with a con- 
centration of 10 ug per ml. There is a mole for mole relationship 
between the increase in glucose uptake and the increase in oxy- 
gen uptake caused by glucagon. 

3. The addition of insulin further increases the glucose uptake 
by tissue incubated with glucagon, 10 wg per ml, whereas the 
addition of 10 times more glucagon has no further effect. It is 
concluded that the increase in glucose uptake caused by glucagon 
is not due to insulin contamination. 

4. Glucagon causes the release of glycerol from adipose tissue. 

5. Comparison of the actions of adrenaline and of glucagon 
on activation of phosphorylase and release of free fatty acids 
shows that, over a 30-minute incubation period, the effects of 
the hormones on phosphorylase activation are almost equal but 
the effect of adrenaline on free fatty acid release is about 7 times 
greater than that of glucagon. It is concluded that these two 
effects of the hormones are not directly related. 
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In the course of investigations concerned with the synthesis 
of lombricine (Equation 1), it was found that the serine com- 


HN=C O 
(1) 
| 
OH NH. 
O 
(2) 
OH NH, 


ponent possessed the p configuration. This result was reported 
in preliminary communications (1, 2) in which the opinion was 
proffered that if serine ethanolamine phosphodiester were the 
precursor of lombricine in the earthworm, as had been suggested 
earlier (3), it might contain D-serine also. Subsequently it was 
shown (4) that this is in fact the case. 

It was also suggested (1) that Roberts and Lowe (5) may have 
wrongly ascribed an L configuration to the serine component of 
serine-EP! which was first isolated by these workers from river 
turtle (Pseudemys elegans) muscle. 

The present communication describes the isolation of D-serine 
from lombricine obtained from earthworms, and provides evi- 
dence confirmatory to that of Roberts and Lowe (5) for the 
presence of L-serine in serine-EP isolated from reptilian muscle. 


EXPERIMENTAL PROCEDURE 


The earthworms used were as previously reported (6) and were 
removed from cold storage (—70°) just before use. 

Crocodile muscle was taken from a large crocodile immediately 
after capture in the area of Darwin, Australia, frozen within 6 
hours of dissection, and transported to Canberra in packages 
containing solid carbon dioxide. 

River turtles (Chelodina longicollis) were obtained from South- 
ern Queensland and were kept in an aquarium until required. 
The animals were killed by decapitation, and the skeletal muscle 
was removed and immediately homogenized in ice-cold 1.5 N 
perchloric acid (1.5 volumes). 

The p-amino acid oxidase used was prepared according to 
Negelein and Brémel (7), and the procedure taken to the first 
ammonium sulfate fractionation stage. The preparation was 


* Australian National University Scholar. 
1The abbreviation used is: serine-EP, serine ethanolamine 
phosphodiester. 


stored as a suspension in 50% saturated aqueous ammonium | 
sulfate. Portions of the suspension were taken as required, | 
centrifuged, and the precipitate was dissolved in water and di- — 
alyzed overnight against two changes (each 100 volumes) of © 
water. The dialyzed solution was centrifuged to remove a — 
small amount of insoluble material and was kept frozen. The | 


concentration of the solution was so adjusted that 1.0 ml was 


equivalent to 1 g of the sheep kidney acetone powder from which | 
the preparation was initially made. Catalase was not added to 5 
this preparation, since it was found that 0.1 ml decomposed 10 © 


umoles of H2O:2 in 30 seconds when tested under the conditions 
described by Herbert (8). 


Reference samples of D- and L-serine-EP and 2-guanidinoethy] 


phosphate were synthetic (9). 

Lombricine was isolated from earthworms, and _ serine-EP 
from both earthworms and reptilian muscle, by the method 
previously described (4). 

D-, L-, and DL-Serine (obtained from British Drug Houses, 
Ltd., Poole, England; California Corporation for Biochemical 
Research, Los Angeles, California, Cfp grade; and Schwarz 
Laboratories, Inc., Mt. Vernon, New York, optically standardized 
grade, respectively) were recrystallized from aqueous ethanol. 
Melting points (decomposition points) were 221—222°, 220-221°, 
and 242-243°, respectively, with discoloration at about 210°. 


For the p isomer, [a]?>* was +7.4 (c, 2.02 g, HO), and for 


the L isomer, —6.94 (c, 4.04 g, HO). 


Samples of serine-EP were prepared for analysis by drying 


at 80° for 3 hours at 0.1 to 0.5 mm over P2Os;, and subsequent 
sampling was carried out in a dry-box because of the hygroscopic 
nature of the crystals. 

Nitrogen was determined by the Kjeldahl method, and phos- 
phorus was determined colorimetrically (10) after wet ashing. 

All melting points quoted are corrected, and since all the sub- 
stances melted with decomposition at temperatures which varied 
with the rate of heating and the state of subdivision, comparison 
was made by heating the substances in a metal block type of 
apparatus which enabled simultaneous determinations to be 
made. The rate of heating was about 2° per minute. 

Optical rotations were determined in 0.5- or 1.0-dm_ small 
bore tubes in a polarimeter reading to +0.01°. 

Infrared spectra were obtained on potassium bromide disks 
with a Perkin-Elmer model 12C (serine) or a Perkin-Elmer 
model 21 double beam (serine-EP) spectrophotometer, both being 
equipped with sodium chloride optics. 

All paper chromatography was carried out with Whatman 
3MM paper, and the following solvent systems were used: I. 
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methyl ethyl ketone, methyl Cellosolve, acetic acid, water 
(40:15:6:24); II., n-propanol, water, ammonia (specific gravity, 
0.91) (73:7:20); III., n-butanol, acetic acid, water (50:20:30). 
Compounds containing amino or guanidino groups were de- 
tected on paper by spraying with 0.2% ninhydrin in acetone or 
with an alkaline a-naphthol-diacetyl reagent (11), respectively. 
Phosphates were detected by the Hanes and Isherwood (12) 
reagent. 


RESULTS 


Enzymatic Studies—The capacity of lombricine and p-serine- 
EP, together with the products of acid hydrolysis of lombricine, 
to act as substrate for D-amino acid oxidase was tested. 

The acid hydrolysate of lombricine was prepared by heating 
27 mg in a sealed tube in 1.0 ml of 6 N HCl in 110° for 24 hours. 
The contents of the tube were removed, evaporated to dryness 
under reduced pressure, and placed in a desiccator over solid 
KOH for 24 hours to remove the bulk of the residual HCl. The 
material was then dissolved in 0.5 ml of pyrophosphate buffer 
(0.1 M, pH 8.3). 

Assuming complete hydrolysis and no destruction of the serine 


released, the theoretical amount of serine present in the hy- 


drolysate should have amounted to approximately 100 umoles 


: and thus to approximately 40 umoles in the 0.2-m1 sample taken 
for enzymatic assay. This amount of D-serine is readily de- 


tectable under the conditions employed (cf. Table I). The 


enzyme was without action on lombricine or serine-EP. The 


unfractionated hydrolysate of lombricine produced some in- 
hibition of the enzyme, as measured both in the presence and 
absence of added D-serine; in earlier experiments (1), in which 
a less active enzyme preparation was used, the inhibition was 
complete. 

The expected products of the acid hydrolysis of lombricine are 
2-guanidinoethanol, 2-guanidinoethyl phosphate, and serine, and 
the effect of the first two of these compounds on the activity of 
D-amino acid oxidase toward D-serine has also been tested. The 
results (Table I) suggest that none of the inhibition by the hy- 
drolysate could have been due to these products. 

Isolation and Characterization of Serine and 2-Guanidinoethyl 


Phosphate in Lombricine Hydrolysate—A solution of lombricine — 


(580 mg) in 6 N-sulfuric acid (12 ml) was heated in a sealed tube 
at 110° for 9 hours. After cooling, sulfuric acid was removed as 
barium sulfate which was collected by centrifugation and thor- 
oughly washed with water. Washings and original supernatant 
solution were combined, concentrated to approximately 10 ml and 
applied to a column (3.5 by 24 em) of Dowex 50 (NH4*) resin. 
Washing with water and examination of fractions (5 ml) of the 
eluate by paper chromatography indicated the successive elu- 
tion of 2-guanidinoethyl phosphate, traces of a ninhydrin-positive 
material (probably alanine (9)), serine, and lombricine, with 
some overlap occurring between serine and the “‘alanine’’- and 
lombricine-containing fractions. Fractions containing serine 
were combined, concentrated to small volume, and applied as a 
harrow band to two sheets (16 by 42 cm) of washed paper which 
were then developed in solvent system II (descending). The 
papers were dried, and the serine was located and eluted with 
water. The crystalline residue obtained on evaporation of the 
eluate was recrystallized from aqueous ethanol, yielding colorless 
bladelike crystals (22 mg). An additional 20 mg were obtained 
by a similar hydrolysis and isolation procedure, and this mate- 
ral was combined with the former lot. All analyses were carried 
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TABLE I 


Action of p-amino acid oxidase on lombricine, serine-EP, and 
products of their hydrolysis 
The manometric flasks contained: side arm, 0.3 ml of enzyme; 
main chamber, 2.5 ml of pyrophosphate buffer (0.1 m, pH 8.1) and 
0.3 ml containing the compound(s) studied. Inecubated for 3 
hours at 37°. 


Compound added Amount ——, 
pumoles patoms 
Lombricine hydrolysate................... 40* 7.1 
Serine (isolated from lombricine hydroly- 

2-Guanidinoethyl phosphate............... 40 0 
2-Guanidinoethanol....................... 40 0 
p-Serine 10 10.0 
p-Serine + lombricine hydrolysate........ 40* 7.1 
p-Serine + 2-guanidinoethyl phosphate...| 40 9.8 
p-Serine + 2-guanidinoethanol............ 40 9.6 


* These values refer to the original amount of the material 
hydrolyzed; lombricine was hydrolyzed for 24 hours in 6 n HCl 
at 110° in a sealed tube. 


out on this material. The melting point was 220—221° decom- 
position; the mixed melting points (by solution and recrystal- 
lization) with authentic D- and L-serine were 220—221° decom- 
position and 243-244° decomposition, respectively; [a]?* +7.4 
(c, 3.92, H.20). 

The infrared spectrum of the solid showed peaks at 3427, 3030, 
2060, 1601, 1471, 1339, 1301, 1227, 1218, 1126, 1086, 1012, 967, 
920, 855, and 805 cm~, and this spectrum was identical with 
that of p-serine. 

The dinitropheny]! derivative was prepared by the method of 
Sanger (13). This derivative alone, and when mixed with the 
dinitrophenyl derivative of authentic D-serine, melted at the 
same temperature as did authentic dinitropheny] serine, 7.e. at 
174-175° decomposition. 

A sample of the isolated serine was tested for its ability to act 
as a substrate for D-amino acid oxidase. Within experimental 
error, the oxygen uptake was close to that of an equivalent 
amount of authentic D-serine (Table I), and to that theoretically 
expected. 

The fractions from the two ion exchange columns which con- 
tained 2-guanidinoethyl phosphate were evaporated to dryness, 
and the residue (75 mg) was redissolved in water (5 ml) and ap- 
plied to a column (1 by 2.5 cm) of Dowex 50-X4 ion exchange 
resin (200 to 400 mesh, H+ form). The column was washed with 
water, and those fractions containing 2-guanidinoethyl phos- 
phate were evaporated to dryness, giving a crystalline residue. 
This was twice recrystallized from aqueous methanol and yielded 
44 mg of colorless rod-shaped crystals, melting point 208° de- 
composition. Authentic 2-guanidinoethyl phosphate had a 
melting point of 207—208° decomposition. The infrared spec- 


C3HioN30uP 


Calculated: C 19.68, H 5.50 
Found: C 19.78, H 5.42 


trum was identical with that of the synthetic compound (9). 
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Characterization of Serine-EP from Reptilian Muscle lombricine, isolated from earthworms and shown to be identica] 
1. Crocodile Muscle—The isolated material (332 mg from 2 with synthetic D-2-amino-2-car boxyethyl 2-guanidinoethy! hy 
kg of muscle) was recrystallized from aqueous methanol to yield dr = phosphate (9), yields D-ser _— In this case, the D-amino 
colorless, hygroscopic microcrystals, melting point 144-145° de- acid a functional sen the sense that it is a component part of 
composition. Authentic L-serine-EP had a melting point of lombricine which in its N-phosphor ylated form is known (27,} 9. 
142-143° decomposition (cf. 139-141° uncorrected decomposition 28) to act _ a phosphagen - the earthwor we Thus It would 
fully defined structure has been unequivocally shown to exist in 
| C5HisO6N animal tissue. 
It should be noted that p-serine has since been shown to occur | 13. | 
as a constituent part of serine-EP isolated from earthworms (4), | 14. + 
as well as in the free form in the tissues of this animal (29). The 


Calculated: C 27.70, H 6.59, N 10.78, P 11.91 
Found: C 27.73, H 6.35, N 10.99, P 12.27 


—14.8 (c, 0.81, H.O) (cf. [a]?° ~*~ 15.0 (c, 2.2, H,0 (14)). only other reports on the occurrence of D-serine with which we ely 
The infrared spectrum was identical with that of synthetic are familiar concern its isolation from acid hydrolysates of poly. 
D or L diester (9, 14). myxin D (30), cycloserine (31-33), and O-carbamyl-p-serine | 16. ¢ 


Samples (10 mg) of the compound and of authentic L-serine-EP (34), all of which are derived from microorganisms. 
were dissolved in 0.2 ml of 6 N HCI and heated in sealed tubes The earlier conclusion of Roberts and Lowe (5) that L-serine 
for 4 hours at 108°. The hydrolysates were evaporated to dry- jg present in serine-EP isolated from river turtles has been fully -" 
ness over a steam bath, the bulk of the remaining HCl was re- — .ubstantiated by a study of the material isolated from the muscle 
moved in a desiccator over KOH, and the residue finally dis- of river turtles. L-Serine-EP has also been shown to be present 
solved in 0.2 ml of water. Paper chromatographic examination jy, the muscles of crocodiles. There are thus two naturally 
of the hydrolysates after development in solvent systems I, IT, occurring isomeric forms of serine-EP, and these appear to have 
and III showed identical patterns of ninhydrin- and molybdate __ }it¢Ie in common in the biological sense. Experiments at present 
(12)-positive spots which corresponded to markers of authentic — jy, progress in this laboratory indicate that L-serine-EP, known 
serine, ethanolamine, phosphoserine, phosphoethanolamine, — ¢o exist jin river turtles (5), is present in other reptiles and also 
serine-EP, and inorganic phosphorus. in birds. Serine-EP of a configuration not vet determined, but 

2. Turtle Muscle—The isolated material (560 mg) was free presumably L, has also been found in fish and amphibians (35), 
from other ninhydrin-positive compounds and separated from ]¢s function is not known at present, but experiments on its mode 
aqueous methanol as colorless, hygroscopic microcrystals, melt- of biosynthesis and distribution will be reported shortly. 

C;,H:,06N2P-}CH,OH-}H.0? The position with respect to D-serine-EP is somewhat clearer. 
This compound was first detected in the earthworm (6) in which 
Calculated: C 26.09, H 6.34, N 11.07, P 12.24 it is known (36) to be the biological precursor of lombricine. 
Found: N 15.58, The possibility remains, however, that it may have additional 
functions, and these may be similar to those of the L isomer in 
the species referred to above. The mode of synthesis of p- 
serine-EP is also being investigated and will be reported. 


SREB Ss 


ing point 144-145° decomposition; [a]? —12.1 (c, 0.58, H20). 

The infrared spectrum was identical with that of synthetic 
p- or L-serine-EP (9, 14). On acid hydrolysis it behaved exactly 
as did the compound isolated from the crocodile. 


SUMMARY 
DISCUSSION ; 
: ce 1. The serine moiety of lombricine has been isolated after 
Although the occurrence of D-amino acids in microorganisms aid hydrolysis and characterized as D-serine. 
is now well established, their presence in animal tissues is much 2. Serine ethanolamine phosphodiester from two reptilian 


less certain. Apart from several reports of their isolation in .oyrees has been shown to contain L-serine. 
small amounts from acid hydrolysates of various animal proteins 
(e.g. see Neuberger (15), Greenstein (16), and Meister (17)), Acknowledgments—It is a pleasure to acknowledge our in- 
there may be mentioned the isolation of octopine from scallop debtedness to Mr. Warren D. McDonald, Chairman of the 
and octopus muscle (18-23), D-ornithine from fish liver (24), Australian National Airlines Commission, for arranging. the 
DL-alanine and DL-glutamic acid from goose and insect tissues, ¢apture of a crocodile and its transport from Darwin to Can- 
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Previous investigations (2, 3) have demonstrated that both 
liver and kidney contain diphosphopyridine nucleotide-linked 
aldehyde dehydrogenase activity which is markedly influenced 
by some steroid hormones and menthol. A relationship between 
this enzymic activity-steroid hormone interplay and galactose 
metabolism has been reported (2-7). 

The present report describes the partial purification and some 
of the properties of the steroid-sensitive aldehyde dehydrogenase 
which catalyzes the following reaction: 


RCHO + DPN* — RCOOH + DPNH + Ht 


The activity of this system is uniformly inhibited by some steroid 
hormones but, depending upon the conditions, is either stimu- 
lated or inhibited by another group of steroids and by diethylstil- 
bestrol. Although the reaction is the same as that catalyzed by 
the enzyme purified according to the method of Racker (8) from 
an acetone powder of beef liver, the latter preparation is rela- 
tively unaffected by progesterone or stilbestrol. 


EXPERIMENTAL PROCEDURE 


Steroids and DPN were obtained from Sigma Chemical Com- 
pany; progesterone-4-C™ (0.065 mc per mg) was from Volk 
Radiochemical Company; DEAE-cellulose was purchased from 
Eastman Kodak Company and CM-cellulose! from Serva Com- 
pany, Heidelberg, Germany. Glycolic acid-2-C™ was a gift 
from Dr. William Jakoby of this institute. 

Propionic acid was determined by steam distillation and micro- 
titration and was further identified by gas chromatography.” 
Glycolic acid was identified by cochromatography on Dowex 1-Cl 
(9) with authentic glycolic acid-2-C™, and was determined col- 
orimetrically with 2,7-dihydroxynaphthalene by a quantitative 
procedure’ adapted from the qualitative test (10). Protein was 
determined by the method of Lowry et al. (11). 

Enzymic activity was assayed spectrophotometrically by the 
rate of DPN reduction in the presence of aldehydic substrates. 
A Beckman model DU spectrophotometer equipped with thermal 
spacers and a circulating constant temperature bath was used. 
The incubation mixture routinely contained 1.0 umole of alde- 


* A preliminary communication of this work has appeared (1). 

1The abbreviations used are: CM-cellulose, carboxymethyl] 
cellulose; EDTA, ethylenediaminetetraacetic acid. 

2 We are grateful to Dr. Charles R. Maxwell of the National 
Cancer Institute for assistance with the steam distillation and 
microtitration and foridentifying propionic acid by gas chromatog- 
graphy. 

3]). Peterson and C. R. Maxwell, personal communication. 
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hyde, 0.5 umole of DPN, 1.0 umole of EDTA,? 2.0 ymoles of 2. / 
mercaptoethanol, and 20 to 50 units of enzyme, in a final volume | 
of 0.5 ml of 0.1 m glycine buffer, pH 9.5. The reaction was car. | 
ried out in 1 ml silica cuvettes with a light path of 1 cm, and the | 
temperature was maintained at 25°. The increase in optical 
density at 340 my was measured between 1 and 6 minutes, anda | 
unit of activity was defined as an increase of 0.001 per minute , 
under the conditions described. During the first steps of the 
purification procedure, it was necessary to include a blank re. | 
action mixture without aldehyde. Steroids were added wher | 
indicated in 5 wl of methanol, and controls contained a corre. | 
sponding amount of methanol. 


Purification of Enzyme 


Crude Extract—Two young male albino rabbits were killed by © 
a blow on the head followed by bleeding from the jugular vein. 
The livers were excised, chilled, and homogenized for 2 minutes © 
in a Waring Blendor with 4 volumes of cold distilled water. The 
homogenate was centrifuged for 1 hour at 100,000 x g in are 
frigerated Spinco model L preparative centrifuge. The superna-— 
tant fluid was decanted through glass wool, 0.1 volume of 1 
potassium phosphate buffer, pH 7.0, was added, and the mixture 
was incubated at 37° for 90 minutes (in order to accomplish : 
autolysis of nucleic acids). The preparation was cooled rapidly | 
in a salt bath, and all subsequent steps were carried out at 3 to ¥ > 
unless otherwise specified. | 

Fractionation with Ammonium Sulfate—Solid ammonium sul. 
fate was added to the crude extract to 40% saturation (22.6 2/10 : 
ml of extract) and the precipitate was dissolved in about 100 ml, 
of cold distilled water. Subsequent assays showed that. this 
fraction contained from 20 to 40% of the total aldehyde debhy- 
drogenase activity but that this activity was not influenced by} 
steroids. No further work was done with this fraction. To the 
supernatant fluid was added additional solid ammonium sulfate 
to 60% saturation (an additional 13.5 g/100 ml of original ex * 
tract). The precipitate, which contained the steroid-sensitive > 
aldehyde dehydrogenase, was dissolved in cold distilled water to 
a final volume of 75 to 100 ml and dialyzed for 4 hours against 
4 liters of distilled water. At this stage of purification the er- 
zyme was stable and could be stored at —15° for several weeks 
with little loss in activity. 

Fractionation with Acetone—An aliquot (30 ml) of the dialyzed 
preparation was chilled to 0-1° in a salt bath, and acetone (—20° 
was added dropwise to a final concentration of 35% (volume pet 
volume). The system was centrifuged and the precipitate ds 
carded. To the supernatant fluid, maintained at —10°, cold 
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acetone was added to a final concentration of 50%. The sus- 
pension was centrifuged and the precipitate was triturated with 
15 to 20 ml of cold, distilled water; the mixture was centrifuged 
and the insoluble portion discarded. The clear supernatant 
fluid can be stored at —15° for a few days with only gradual loss 
of activity, provided that 10-? m EDTA is added. 

DEAE-cellulose Chromatography—The solution, containing 
about 400 mg of protein, was adjusted to pH 7.0 with 0.1 m 
acetic acid, and passed through a 1 X 15-cm column containing 
DEAE-cellulose (1.3 g) previously washed with 0.01 m phosphate 
buffer, pH 7.0. Under these conditions, the aldehyde dehy- 
drogenase activity was not tightly adsorbed and came off the 
column in the third and fourth 10 ml fractions with 0.01 m phos- 
phate buffer, pH 7.0, as eluant at a flow rate of about 1 ml per 
minute. 

CM-cellulose Chromatography—The two most active fractions 
from DEAE-cellulose were adjusted to pH 5.8 with 1 M acetic 
acid and passed successively through a column (1 X 7 cm) con- 
taining 0.7 g of CM-cellulose washed with 0.005 m phosphate 
buffer, pH 6.0. The activity was not adsorbed and emerged with 
the front. The column was washed with a few milliliters of the 
above buffer, and the eluate was made 10-3 m with EDTA and 
lyophilized. This lyophilized preparation can be stored frozen 
for at least 1 month without loss of activity. The results of one 
such procedure are shown in Table I. Other similar prepara- 
tions showed some variation in the recovery from acetone pre- 
cipitation as well as in the initial specific activity. In general 
the over-all yield of steroid-sensitive activity was 15 to 30% with 
a purification of 15- to 35-fold over the crude soluble extract. 
Assays were routinely performed with propionaldehyde as the 
substrate, but checks were made with glyceraldehyde and the 
rate under the assay condition described was approximately the 
same as with propionaldehyde throughout the purification pro- 
cedure. 

Some of the experiments were carried out with the 40 to 60% 
saturated ammonium sulfate fraction which was heated to 60° for 
5 minutes and dialyzed against water. This procedure did not 
increase specific activity but freed the preparation of contami- 
nating enzymes which interfered with the assay. 


RESULTS 


Stoichiometry, Product Identification, and Steroid Specificity— 
The stoichiometry of the reaction, relating DPNH and propionic 
acid formation from DPN and propionaldehyde, is shown in 
Table II. The volatile acid was identified as propionic acid by 
gas chromatography. The results in Table II also show that 
under the conditions of this experiment progesterone inhibits 
whereas cortisone stimulates the dehydrogenation of propion- 
aldehyde. It is evident that the steroids are not participating in 
the reaction stoichiometrically inasmuch as 0.01 ymole of proges- 
terone decreased both DPNH and volatile acid formed by about 
0.5 umole, whereas 0.1 umole of cortisone increased the products 
formed by about 0.7 umole. 

In another experiment, glycolic acid was identified as the prod- 
uct of glycolaldehyde dehydrogenation. The system contained 
10 umoles of glycolaldehyde, 18 umoles of DPN, and a heated 
dialyzed ammonium sulfate fraction (3 mg of protein) in a final 
volume of 3 ml of 0.1 M glycine buffer, pH 9.0. The mixture was 
incubated at room temperature until a diluted aliquot indicated 
that about 10 umoles of DPNH had been produced. The re- 
action mixture was inactivated by heating in a boiling water 
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TABLE I 


Purification of enzyme 


me | % 
10,500 | (970) (92)* 
Ammonium sulfate.......| 4,875 970 200 (100) 
DEAE-cellulose. ......... 480 500 1,040 51 
CM-cellulose............. 125 335 2,700 35 


* Estimated from total protein present in this fraction, assum- 
ing total steroid-sensitive activity to be the same as that found 
in the ammonium sulfate fraction. 


TABLE II 
Stoichiometry of DPN reduced and aldehyde oxidized 


Reaction mixture contained 15 wmoles of DPN, 10 umoles of 
propionaldehyde, 0.5 umole of EDTA, indicated steroid in 5 ul of 
methanol, heated 40- to 60%-saturated ammonium sulfate frac- 
tion (2.0 mg of protein; 800 units), and 1 ml of 0.1 m glycine buffer, 
pH 8.8. Incubation was at 26° for 20 minutes. 


Steroid added DPN reduced | Volatile acid 
pmoles 
Cortisone, 0.1 wmole.................. 2.15 1.93 
Progesterone, 0.01 uwmole.............. 0.80 0.73 


bath for 2 minutes. A solution of glycolate-2-C™ (4.7 we per 
umole) containing 165,000 c.p.m. was added and the mixture 
was chromatographed on Dowex 1-Cl according to the method of 
Jakoby (9). Aliquots of the eluted fractions were counted and 
assayed for glycolic acid with 2,7-dihydroxynaphthalene. 
About 90% of the expected glycolic acid was found in one fraction 
which contained about 80% of the added radioactivity. 

The heated dialyzed ammonium sulfate fraction used in these 
experiments contained only very small amounts of alcohol de- 
hydrogenase and no detectable hydroxysteroid dehydrogenases 
(12-15), steroid reductases (15, 16), or steroid-sensitive trans- 
hydrogenase (17-20). Hydroxysteroid dehydrogenases were 
excluded on the basis of spectrophotometric assays at 340 my 
with androsterone, 17a,21-dihydroxy-58-pregnane-3 , 11 ,20-tri- 
one or estradiol-178 together with DPN. Steroid reductases 
were absent, as indicated by the lack of disappearance of material 
absorbing at 240 my in methylene chloride extracts of incubation 
mixtures containing TPNH and either testosterone or cortisone. 
Two different spectrophotometric assays indicated the absence 
of steroid-stimulated transhydrogenase. Neither androsterone 
nor estrone promoted any observable transfer of hydrogen by the 
ammonium sulfate fraction from DPNH to acetylpyridine DPN 
(measured at 400 my), nor did they stimulate any reduction of 
DPN ina system containing trace amounts of TPN together with 
glucose-6-P and added glucose-6-P dehydrogenase. The am- 
monium sulfate fraction catalyzed a low rate of reduction of DPN 
without the addition of aldehydic substrates. The rate of this 
reduction was somewhat decreased by the addition of some of the 
steroids investigated, but added DPNH was not reoxidized in the 
presence of steroid substrates. There was no uptake of oxygen 
as measured in the Warburg apparatus in the presence of alde- 
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hyde and DPN either with or without steroids. The preparation 
contained a-glycerol-P dehydrogenase, glyceraldehyde 3-P de- 
hydrogenase, and lactic dehydrogenase. The activities of these 
enzymes, when assayed at several different hydrogen ion con- 
centrations, were not influenced by progesterone. 

Evidence that net metabolism of progesterone is probably not 
essential for the observed inhibitory effect was obtained in an 
experiment with progesterone-4-C', The reaction mixture 
contained 1.0 umole of DPN, 1.0 wymole of EDTA, 4.0 umoles of 
mereaptoethanol, 2.0 umoles of propionaldehyde, 0.01 umole of 
progesterone-4-C™ (0.2 ue), and purified enzyme (60 ug of pro- 
tein) in a final volume of 1.0 ml of 0.1 M glycine buffer, pH 9.5. 
A control reaction mixture contained the same reagents, except 
that progesterone-4-C'™ was added after incubation. During 


TaBLe III 
Effect of various steroids on propionaldehyde oxidation 

Reaction mixture contained 0.5 umole of DPN, 1.0 umole of 
aldehyde, 2.0 uymoles of mercaptoethanol, 0.5 wmole of EDTA, 
5 ul of indicated hormone in methanol and enzyme (heated dia- 
lyzed ammonium sulfate precipitate (200 ug of protein; 37 units) ) 
in 0.5 ml of 0.1 m glycine buffer, pH 9.5. The increase in optical 
density at 340 my between 1 and 6 minutes was measured. Re- 
corded values are the average of 2 experiments which agreed 
within 10%. 


Diethylstilbestrol........... 0.480 2.6 
Dehydroepiandrosterone............. 0.370 2.0 
Deoxycorticosterone................. 0.090 0.49 
4-Androstene-3,17-dione............. 0.140 0.76 


TABLE IV 
Effect of hormone concentration on propionaldehyde oxidation 
Reaction mixture contained 0.5 wmole of DPN, 1.0 umole of 
aldehyde, 2.0 umoles of mercaptoethanol, 0.5 wmole of EDTA, 5 
wl of indicated hormone in methanol, and purified enzyme (20 
ug of protein; 42 units) in 0.5 ml of 0.1 m glycine buffer, pH 9.5. 
Incubation was at 26° for 5 minutes. 


Steroid-Sensitive Aldehyde Dehydrogenase 


detecting 0.001 ue. 


Diethylstilbestrol | Progesterone 
| | Without With 5 X 
i Con stilbestrol stilbestrol 
| tration =40.D. | Inhibi-| AO.D. | Inhibi- 
340 mu tion 340 my tion 
X 106 | % 108 % % 
0 0.210 | 0 0.210 0.350 
1 0.240 ° &#£«x+i14 0.5 0.145 31 0.250 29 
2.5 | 0.290 | 38 | 1 0.125 | 40 | 0.210 | 40 
5 0.350 67 | 5 | 0.095 | 53 | 0.140 | 60 
10 | 0.450 | 115 10 0.080 62 0.120 66 
50 0.580 | 175 | 50 0.075 64 | 0.110 | 68 
100 0.610 190 


the incubation period (30 minutes at 25°) 0.27 umole and 0.09 


umole of DPNH were formed in the control and experimental 
sample, respectively. Steroid was extracted into 5 ml of meth- 
ylene chloride, concentrated, divided into two equal portions, and 
chromatographed with 0.1 umole of carrier progesterone in two 
different systems (21): cyclohexane-benzene-methanol-water 
(100:50:100:25) and cyclohexane-methanol-water (100:100: 10). 
The chromatograms, each of which contained approximately 
0.1 we of radioactive material (70,000 c.p.m. in a Nuclear In- 


strument Company thin window gas flow counter) were scanned | 
in a windowless gas flow paper strip counter capable of readily — 
All the radioactivity was located with | 


progesterone. 


The effects of other steroids and of diethylstilbestrol on alde- 
hyde dehydrogenase activity with propionaldehyde are shown | 


in Table III. Activities are given relative to the rate of DPN 


reduction in the absence of exogenous steroid. In addition to | 
the hormones tabulated, the following steroids were tested and © 
found to be ineffective at 10-5 m and pH 9.5: 17a,21-dihydroxy- — 
58-pregnane-3 , 11 ,20-trione, hydrocortisone, 11-dehydrocorticos- 
terone, 11-deoxy-17-hydroxycorticosterone, 17a-hydroxyproges- 
terone, and estradiol-178. At a higher concentration (10-4 m), | 


estradiol-178 and occasionally hydrocortisone showed smal] 
stimulatory effects. Similar results were obtained with satu- 
rating concentrations of either D-glyceraldehyde or glycolalde- 
hyde as the aldehydic substrate. The effects of the various 
steroids were not altered by further purification of the enzyme. 

Hormone Concentration—The effects of varying diethylstilbes- 
trol concentrations, and of varying progesterone concentrations 


in the presence and absence of a constant amount of diethyl — 
stilbestrol are shown in Table IV. Diethylstilbestrol stimulates — 
significantly at a concentration of 10-* m and maximal stimula- — 
tion occurs at about 5 X 10-°m. The rate in the presence of high ~ 
Such 
results might be expected if two enzymes are present, one of 


progesterone concentrations approaches a finite value. 


which is steroid-sensitive, or if the hypothetical enzyme-steroid 


complex is itself active with a lower order of activity than the 
Because of these alternative possibilities, inhibi- § 
tion constants were not calculated. However, the fact that | 
maximal inhibition by progesterone does not change during | 
purification tends to favor an active steroid-enzyme complex. | 
The extent of inhibition by various progesterone concentrations | 
is not significantly altered by the presence of 5 & 10-§ m di | 
ethylstilbestrol, indicating that the two compounds are not | 


free enzyme. 


competitive. 


Effects of Hormones on pH Optima and Michaelis Constants— | 
The effect of pH on the rate of DPN reduction with propion- | 
aldehyde without added steroid and with diethylstilbestrol or | 


Diethylstilbestrol shifts the 


Vol. 236, No. 4 


~ 


progesterone is shown in Fig. 1. 


pH optimum to the left and greater relative activity occurs well © 


below the pH optimum of the control. Cortisone, in other 


experiments, gave qualitatively similar results. Progesterone, 
and in other experiments testosterone, had no effect on the pH — 
optimum and the percentage of inhibition was constant up to _ 
about pH 10.0. At pH 10.5, no effect of hormones was observed. | 
Above pH 9.5, a nonenzymic formation of 340-my absorbing — 
material, presumably a complex between aldehyde and DPX._ 
was observed. Recorded values have been corrected for this) 


factor. 
The effect of progesterone and diethylstilbcstrol on the Mi 
chaelis constant for DPN in the presence of excess glyceraldehyde 
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is presented in Fig. 2. The maximal velocity is increased by di- 
ethylstilbestrol and decreased by progesterone, and the K,, for 
DPN is not significantly altered by either hormone. Similar re- 
sults were obtained with propionaldehyde as the aldehydic sub- 
strate, and the A,, for DPN was approximately the same as that 
with glyceraldehyde. 

The A. for propionaldehyde is below 10-° m and could not be 
determined by the procedures used. Fig. 3 shows the effect of 
progesterone (10-* mM) and diethylstilbestrol (10-5 m and 10-4 m) 
on the Michaelis constant for glyceraldehyde. Progesterone is 
not competitive with respect to glyceraldehyde as indicated by 
the decreased maximal velocity, and the K,, for glyceraldehyde 
is not significantly changed by this steroid. Diethylstilbestrol 
increases the maximal velocity and stimulates at high glycer- 
aldehyde concentrations. At lower glyceraldehyde concentra- 
tion, diethylstilbestrol inhibits. The cross-over from stimulation 
to inhibition occurs at about 10-3 m glyceraldehyde with 10-4 m 
diethylstilbestrol and at about 10-4 m glyceraldehyde with 10-5 
m diethylstilbestrol. Both concentrations of diethylstilbestrol 
increase the K,, for glyceraldehyde. The effect of glyceraldehyde 
concentration on response to diethylstilbestrol is again evident 
in the experiment shown in Fig. 4 in which the initial concentra- 
tion of glyceraldehyde was 0.1 umole per ml]. Eventually, both 
reactions went to completion and the optical density reached the 
theoretical value. At this point, 2 uwmoles of glyceraldehyde 
were added to each reaction mixture; diethylstilbestrol stimulated 
the reaction. Similar results were obtained with glyceraldehyde 
and either estrone (10-4 M) or androsterone (10-4 Mm). The in- 
hibition by diethylstilbestrol, estrone, and androsterone occurred 
at glyceraldehyde concentrations which were limiting. No such 
inhibition was observed when propionaldehyde was used as the 
substrate at similar concentrations. However, it may be signifi- 
cant that the A,, for propionaldehyde is at least 10 times lower 
than that of glyceraldehyde and it was not possible to conduct an 
experiment with a limiting concentration of this aldehyde. 
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Fic. 1. Aldehyde dehydrogenase activity as a function of pH. 


Reaction mixtures contained 1.0 yzmole of propionaldehyde, 0.5 
umole of DPN, 0.5 umole of EDTA, 2.0 zmoles of mercaptoethanol, 
heated, 40 to 60% saturated ammonium sulfate precipitate (60 
ug of protein), and indicated hormone in a final volume of 0.5 ml of 
buffer (mixed 0.1 m glycine-0.1 m phosphate) at the indicated pH. 
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Fic. 2. Effect of DPN concentration on aldehyde dehydrogen- 
ase activity in the presence of progesterone, diethylstilbestrol, and 
without hormone. Reaction mixtures contained 2.0 umoles of 
glyceraldehyde, 0.5 umole of EDTA, 2.0 umoles of mercaptoethanol, 
varying amounts of DPN, purified enzyme (25 ug of protein), and 
indicated hormone in a final volume of 0.5 ml of 0.1 m glycine 
buffer, pH 9.5. 


22 STILBESTROL (10°*M) 

20 a Km= 24 X 107M 
PROGESTERONE (107M) 
Km=35X107M 

4 

wittout HORMONE | 

Km =26X1077M 

6 

: STILBESTROL (107M) 
Km=10 

2 


XI 
[GLYCERALDEHYDE] 


Fic. 3. Effect of glyceraldehyde concentration on aldehyde 
dehydrogenase in the presence of diethylstilbestrol, progesterone, 
and without added hormone. Reaction mixtures contained vary- 
ing amounts of glyceraldehyde, 0.5 ymole of DPN, 0.5 umole of 
EDTA, 2.0 umoles of mercaptoethanol, purified enzyme (25 ug of 
protein), and indicated hormone in a final volume of 0.5 ml of 0.1 
M glycine buffer, pH 9.5. 


Effect of Temperature—Table V shows the effect of temperature 
on the rate of the reaction as well as on the response to added 
hormones. The rate without steroid doubled every 5° increment 
between 20 and 40°. The response to added hormone decreased 
with increasing temperature and became of doubtful significance 
at 45°. The energies of activation calculated from Arrhenius 
plots of the data in Table V without hormone, with diethyl- 
stilbestrol and with progesterone are 2.2 « 104, 2.0 « 104, and 
2.9 X 10‘ calories per mole, respectively. For technical reasons 


I 
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it was necessary to use varying amounts of enzyme in this experi- 
ment, but the response to added steroids at 25° was independent 
of enzyme concentration over a 6-fold range. 

General Properties of Enzyme—The activity obtained in the 
ammonium sulfate fraction as well as in the more purified frac- 
tions, is specific for DPN but oxidizes a number of aldehydes 
including acetaldehyde, propionaldehyde, butylaldehyde, glycol- 


THEORETICAL O.D. 


2UMOLES ALDEHYDE ADDED 

ol 

4 wma 


GLYCERALDEHYDE 0.142MOLE /ML. 
WITH STILBESTROL 
@—@ NO ADDED HORMONE 


TIME IN MINUTES 

Fic. 4. Inhibition of glyceraldehyde dehydrogenation by di- 
ethylstilbestrol at low aldehyde concentration and stimulation 
upon addition of more glyceraldehyde. The original reaction 
mixture contained 0.05 umole of glyceraldehyde, 0.5 umole of DPN, 
0.5 zmole of EDTA, 2.0 uymoles of mercaptoethanol, methanol, or 
diethylstilbestrol, and enzyme (25 ug of protein-acetone fraction) 
in a final volume of 0.5 ml of 0.1 m glycine buffer, pH 9.5. 


TABLE V 


Effect of temperature on glyceraldehyde oxidation 

Reaction mixtures contained 1.0 umole of aldehyde, 0.6 umole 
of DPN, 0.5 umole of EDTA, 2.0 umoles of mercaptoethanol, and 
varying amounts of purified enzyme, depending on the tempera- 
ture, in 0.5 ml of 0.1 m glycine buffer, pH 9.5. Indicated hormone 
was added in 5yul of methanol. Controls contained 5 ul of metha- 
nol alone. Samples were equilibrated in the Beekman model DU 
spectrophotometer at the indicated temperature for 5 minutes 
before the addition of aldehyde and, subsequently, DPN reduction 
was measured between 1 and 6 minutes. 


Rate relative to Rate relative to rate at indicated 
rate at 7 temperature without hormone 
Temperature 
Without hormone | Progesterone, 10-5 D 

Sy 1.0 0.38 1.8 
14° 3.0 0.33 1.9 
20° 4.9 0.36 2.0 
25° 9.8 0.42 1.8 
30° 22.5 0.41 1.3 
35° 45.0 0.54 1.3 
40° 80.0 0.70 1.2 
45° 145 0.87 0.88 
50° 210 0.85 0.98 
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TaBLe VI 


Effect of mercaptoethanol on hormonal stimulation of 
proptonaldehyde oxidation 


DPN reduced 
Additions 
Experiment 1 | Experiment 2 
myumoles 

Mercaptoethanol, 2 K 10-3 m......... 14.5 12.5 

Cortisone + mercaptoethanol......... 35.1 

Diethylstilbestrol, mM............. 11.2 
Diethylstilbestrol + mercaptoethanol. 24.0 


Experiment 1: Incubation mixture contained 0.8 umole of alde- 
hyde, 0.6 umole of DPN, 0.2 umole of EDTA, purified enzyme (60 
ug. of protein; 120 units) and indicated additions in 0.5 ml of 0.1 
M glycine buffer pH 8.0. Incubation was at 25° for 5 minutes. 
Experiment 2: Same as above, except that pH was 9.5 and less 
enzvme was used. 


aldehyde, and p-glyceraldehyde. Inasmuch as the reaction goes 
to the theoretical value with pL-glyceraldehyde, the L-isomer is 
presumed to be a substrate also. 
irreversible and no effect of added coenzyme A was detected. 
Both EDTA and mercaptoethanol stimulate the reaction, par- 
ticularly in aged or more purified preparations. Arsenite (107 
M) inhibits about 85% in the presence of mercaptoethanol. In 
the absence of a sulfhydryl compound, the same concentration of 
arsenite inhibits only about 10%. Similar results with other 
aldehyde dehydrogenases were reported by Jakoby (22). Like 
the inhibition by arsenite, the stimulation by cortisone or di- 
ethylstilbestrol, as shown in Table VI, is increased in the presence 
of mercaptoethanol. 
progesterone or by diethylstilbestrol at low glyceraldehyde con- 
centration is unaffected by the presence of a sulfhydryl com- 
pound. 


DISCUSSION 


The mechanism by which steroid hormones and diethylstilbes- 
trol exert their influence on aldehyde oxidation cannot yet be 


described. However, all the available evidence indicates that | 


the effects are due to some direct action of the added hormone on 


the aldehyde dehydrogenase system. This possibility is sup- ; 


ported by the absence of transhydrogenase and steroid reductases 


and dehydrogenases in the enzyme preparations. The fact that | 
the ammonium sulfate fraction contains other DPN-linked de- | 
hydrogenases, including glyceraldehyde-3-PO, dehydrogenase, | 


a-glycerol-P dehydrogenase, and lactic dehydrogenase, the 


activities of which are unaffected by progesterone or diethyl « 


stilbestrol, lends further support for the specificity of the hor- 
mone action on aldehyde dehydrogenase. In this connection, it 


is of interest to note that Yielding et al. (23) have recently re- — 


ported inhibition of crystalline glutamic dehydrogenase by cer- 
tain steroids and that Engel et al. (24) have reported a small 
stimulatory effect of corticosterone and of cortisol on the same 
enzyme. Two observations indicate that the reaction between 
diethylstilbestrol and aldehyde dehydrogenase is different from 
that between progesterone and the enzyme. Stimulation by the 
estrogen is markedly dependent on sulfhydryl groups, whereas 
inhibition by progesterone is unaffected by the presence of 4 


The reaction is experimentally | 


In contrast, the per cent inhibition by © 
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sulfhydryl compound. Furthermore, in their interaction with 
the enzyme, the two hormones are not competitive with one 
another. 

Diethylstilbestrol increases the A,, for glyceraldehyde. Al- 
though this fact is consistent with the possibility that the hor- 
mone stimulates the system by reversing an inhibition imposed by 
substrate, the lack of any observable substrate inhibition at the 
concentrations of aldehyde used rules out such a mechanism. 
Moreover, the shape of the substrate concentration curve ob- 
tained in the presence of diethylstilbestrol does not support the 
possibility that the stimulation observed at high glyceraldehyde 
concentrations relates to an unmasking of a second enzymic site 
with a lower affinity for the aldehyde. 

The effect of glyceraldehyde concentration on response to 
diethylstilbestrol and certain steroid hormones is of interest in 
that it might represent a homeostatic mechanism in which the 
hormone stimulates catabolism when the substrate is present in 
excess but inhibits the reaction and thus conserves the aldehyde 
when it is present in small amounts. Such a mechanism might 
be of importance in triglyceride metabolism or in the catabolism 
of fructose (25) in which free glyceraldehyde is a product. 


SUMMARY 


Diphosphopyridine nucleotide-linked aldehyde dehydrogenase 
has been partially purified from the soluble fraction of rabbit 
liver. The purified preparation oxidizes a number of aldehydes 
including acetaldehyde, propionaldehyde, glycolaldehyde, and 
glyceraldehyde. The activity is inhibited about 50% by 10-5 m 
progesterone or deoxycorticosterone and from 20 to 30% by the 
same concentration of testosterone, 4-androstene-3 ,17-dione, 
and corticosterone. The inhibitory effect of these steroids is not 
influenced by aldehyde concentration. Another group of hor- 
mones, including diethylstilbestrol, estrone, and cortisone, stimu- 
lates the reaction under certain conditions but inhibits under 
others. The stimulatory effect occurs when aldehyde concen- 
tration is not limiting and is increased by the presence of mer- 
captoethanol. The inhibitory effect of this group of hormones is 
apparent at limiting aldehyde concentrations. The effect of the 
various steroids is not altered by varying DPN concentration. 
The effects of steroids on the pH optimum of the reaction as well 
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as on the rate of the reaction as a function of temperature have 
been studied. 
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Triamcinolone (9a-fluoro-118,16a,17a,21-tetrahydroxy-1 ,4- 
pregnadiene-3 ,20-dione) is one of several derivatives of hydro- 
cortisone widely used in medical practice. It differs from hy- 
drocortisone in the presence of the A!-double bond and the 
9a-fluoro and 16a-hydroxyl substituents. The effects of these 
and other substituents on the rate of metabolism by rat liver 
preparations (2), on binding to plasma proteins (3), and 
on plasma half-life and excretion (4) have been examined in 
earlier studies. This report presents our observations on the 
urinary excretion of radioactive metabolites after intravenous 
injection of tritium-labeled triamcinolone in the dog. 

Unlike hydrocortisone (5) and its A!-derivative, prednisolone 
(6, 7), which are subject to a number of well established metabolic 
conversions with the resultant excretion of several urinary metab- 
olites, triamcinolone is metabolized principally to the 66-hydroxy 
derivative by the dog and apparently by man as well. It seems 
likely that the predominance of the hydroxylation pathway is a 
result of the inhibition of other pathways of corticosteroid metab- 
olism by the presence of the A!, 9a-fluoro, and 16a-hydroxyl 
groups. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Twenty milligrams of triamcinolone-H® (8) were dissolved in 
2 ml of dimethylformamide, 5 ml of 0.9% saline added, and the 
solution was administered intravenously to healthy, male, 
beagle dogs. Urine was taken by catheterization or, when 
allowed to be voided, collected in dry ice-chilled bottles placed 
beneath the metabolism cages. These urine specimens were 
lyophilized and the residues fractionated by 200 transfer counter- 
current distribution in the solvent system ethyl acetate-ben- 
zene-methanol-water (4:1:2:3). Fractions from these counter- 
current runs were analyzed by blue tetrazolium reduction (9). 
Radioactivity was determined in a Packard model 314X Tri- 
Carb liquid scintillation spectrometer. 

After the time course of the excretion of urinary metabolites 
of triamcinolone by the dog was established, a standard method 
for preparation of relatively large quantities of the principal 


* A preliminary report of a portion of this work was presented 
at the meetings of the Federation of American Societies for Ex- 
perimental Biology, April 1960 (1). 

+t The major portion of this work was performed in the Pharma- 
cological Research Department, Earl H. Dearborn, Head. 

Present address, Wyeth Laboratories, Philadelphia, Pennsyl- 
vania. 


metabolite was developed. The 0 to 8 hour urines of dogs which : 


had received intravenous injections of 25 mg of unlabeled tri- 
amcinolone were collected, pooled, and concentrated in a vacuum 
to approximately 100 ml. These urine concentrates were ex- 


tracted three times with four volumes of ethyl acetate. After — 
evaporation of solvent under a stream of air, the residue was | 
distributed through 200 transfers in ethyl acetate-benzene-meth- i 


anol-water (4:1:2:3). The contents of the tubes that corre- 


sponded to the second of the three blue tetrazolium reducing | 
peaks were combined, solvents were evaporated, and the residues _ 
were chromatographed for 18 to 24 hours on methanol-benzene — 
washed Whatman No. 3M paper in the butyl acetate-ethylene — 


glycol-water (20:1:1) system of Mattox and Lewbart (10). The 
major ultraviolet- and blue tetrazolium-positive areas from these 
strips were eluted with ethyl acetate followed by methanol. The 
solvents were evaporated in a vacuum with a rotary evaporator 
and the residues chromatographed for 24 hours in the benzene- 
butanol-methanol-water (10:1:3:3) system of Peterson et al. 
(11). Elution of the ultraviolet- and blue tetrazolium-positive 


areas from these strips with methanol resulted in a preparation — 
suitable for further characterization. The ratio of absorption — 


at 240 my to that at 220 my was used as an indication of purity; 


when it was less than 1.5, the steroid was rechromatographed — 


in the Peterson system. 


Analytical methods used for characterization of the metabo- 


lites included spectra in absolute ethanol and in concentrated 


surfuric acid at various times (12) recorded on a Cary recording > 
spectrophotometer model 118; spectra in 0.066 N alcoholic} 
alkali (13) were similarly recorded after holding the solutions — 
for varying times at 60°. Besides the paper chromatographic 
systems already mentioned, the several Bush-type systems pre- | 


viously used in studies of triamcinolone were used (14). Acet- 
onide formation on paper was accomplished with the use of the 
procedures of Smith and Foell (15). 


RESULTS 


The variation of the urinary tritium excretion pattern with 
time after intravenous injection of triamcinolone at 2.09 mg per 
kg in a normal 9.9 kg beagle is shown in Fig. 1. Subsequent 
investigations demonstrated that the principal constituent 
peak III was unchanged triamcinolone (see below). The vamis- 
tion in the sizes of peaks II and III with time was interpreted 3 
indicating relatively slow formation of the constituent of peak 
II from triamcinolone. A similar pattern reflecting the forms 


tion of tetrahydrocortisol from hydrocortisone was observed by > 


Dougherty et al. (16) in rat plasma. 


1038 


‘( 
| 
Ze 
i a 
je 
ob 
ue 
pa 

we 
ple 
Sin 
this 
(pes 
met 

peak 

CH 

releg 

ng 

| 


hich 
| tri- 
uum 
After 
Was 
neth- 
-OrTe- 
ucing 
idues 
nzene 
ylene 
The © 
these 
The | 
orator 
izene- 
et al. 


sitive 
ration 
rption 
yurity; 
raphed 


etabo- | 
trated | 
-ording | 
coholie 
lutions 
zraphie | 
ns pre 


Acet- 
» of the 


mn with 


mg per 
sequent 
uent 0 
e 
reted 3 
of peal 
>» forms 
rved by 


April 1961 


O- V2 Hr. 


3 
= 
6 
0.4 
"= 
£ 
Il 
. 
SHrs. 
I 0 


re) 
0 us | 
| 

40 


10 20 


30 
Tube Number 


Fic. 1. Countercurrent distribution of hourly dog urines ob- 
tained by catheterization after intravenous injection of triam- 
cinolone-H at 1.7 mg per kg. Solvent system: ethyl acetate-ben- 
zene-methanol-water (4:1:2:3). 40 transfers. 


0. 


The results of blue tetrazolium and radioactivity analyses of 
a countercurrent distribution of the dried residue from the 0 to 
48 hour urine of a dog which had received an intravenous in- 
jection of triamcinolone-H* at 1.71 mg per kg are presented in 
Fig. 2. (A very similar countercurrent distribution pattern was 
obtained from the urine of a patient who received unlabeled tri- 
amcinolone at 96 mg per day orally for 3 weeks. The constit- 
uents of peaks II and III from thd human urine were identical 
with the comparable peaks from dog urine on the bases of com- 
parative paper chromatography and spectra in concentrated 
sulfuric acid.) It should be emphasized that all the urine solids 
were subjected to this countercurrent distribution. Thus, com- 
plete recovery of nonvolatile urinary constituents was assured. 
Since nearly 50% of the tritium injected under the conditions of 
this experiment was excreted in the urine (4), it can be calculated 
that 20% of the dose was excreted as unchanged triamcinolone 
(peak III) and approximately 25% as a somewhat more polar 
metabolite (peak II), with a few per cent uncharacterized. 


Characterization of Urinary Metabolites of Triamcinolone 


Peak I—Incubation of the dried residue from countercurrent 
peak I with @-glucuronidase did not release ethyl acetate-ex- 
tractable tritium; in parallel experiments with a similar counter- 
current peak in urine from a dog injected with hydrocortisone-4- 
C“ ethyl acetate-extractable C™ was released under the same 
incubation conditions. Acid hydrolysis also failed to release 
extractable tritium from triamcinolone-H® urines, whereas it 
released extractable C™ from hydrocortisone urines. Thus, there 
is no evidence that peak I is a simple conjugated derivative of 
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triamcinolone. Since this peak appeared in that portion of the 
distribution which included large quantities of interfering water- 
soluble urine constituents, it was not possible to obtain satis- 
factory chemical or physical indications of the structural charac- 
teristics of the compound(s) in this area. 

Peak II]—The material present in this peak was recognized as 
being derived from triamcinolone on the basis of the radioactivity 
which remained associated with the blue tetrazolium- and ultra- 
violet-positive areas throughout the paper chromatography. A 
few crystals were obtained by paper and column chromatographic 
purification of peak II material; they melted at 251—253° (Kofler 
block). A solution of the purified but noncrystalline metabolite 
in ethanol exhibited an absorption maximum at 239 my with an 
absorptivity very similar to that of triamcinolone (€ = 15,200) 
(17). The infrared spectrum was also very similar to that of 
triamcinolone, with major absorption bands in KBr disk at 2.95, 
5.85, 6.00, 6.15, 6.20, 9.45, 11.18, and 11.25 uw. In concentrated 
H.SO,, the metabolite exhibited the absorption maxima compared 
with those of triamcinolone in Table I. Sulfuric acid spectra of 


3 

= Radioactivity 

zs 5 
3 


Tube Number 

Fic. 2. Countercurrent distribution of dog urine voided up to 
48 hours after intravenous injection of triamcinolone-H? at 2.09 
mg per kg. (The presence of large quantities of easily oxidizable 
materials in the very polar urine fractions made it impossible to 
obtain satisfactory blue tetrazolium analyses on the contents of 
tubes 1 to 25.) Solvent system: ethyl acetate-benzene-methanol- 
water (4:1:2:3). 200 transfers. 


TABLE I 


Ultraviolet absorption of triamcinolone and tts principal dog urine 
metabolite in sulfuric acid 


AMax. My (E}2 
Time 
Triamcinolone (12) tee. 
260 (334) 259 (342) 
| 310 (172) 290 (200) I¢ 
| 390 (42) 392 (46) 
2 hrs 260 (346) 260 (355) 
310 (176) 290 (205) I 
380 (86) 380 (96) 
20 hrs 263 (386) 264 (413) 
310 (176) 285 (216) I 
375 (94) 304 (218) I 
374 (104) 


« [ denotes inflection or plateau. 
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the metabolite differed from those of the parent compound 
principally in the suppression of the 310 my peak. 

Upon heating in 0.066 N alcoholic NaOH at 60°, the spectrum 
of the metabolite did not differ significantly from that of tri- 
amcinolone under the same conditions. Both steroids exhibited 
a major band at 238 my with a minor peak at 305 my which 
increases slowly in absorbancy. 

The metabolite reduced alkaline blue tetrazolium (18) on paper 
chromatograms and in solution. The rate of development and 
intensity of the diformazan color in solution were the same for 
the metabolite and for triamcinolone. Reaction with isonico- 
tinic acid hydrazide in solution and on paper gave the yellow 
color and fluorescence associated with a A!4-3-ketone (19). 

Upon standing for several days at room temperature in reagent 
methanol, the metabolite was partially converted into a more 
polar compound which was readily separable by paper chroma- 
tography. Spectra in sulfuric acid of this breakdown product 
differed from that of the metabolite only in the absence of the 
slow forming peak in the 365 to 375 my region. This is the 
difference observed upon comparison of the triamcinolone 
D-homoannulation product (20) with triamcinolone. Thus, on 
the basis of similarities in sulfuric acid spectra, polarity, and 
conditions of formation, it was concluded that the metabolite 
isomerized by a D-homoannulation reaction which is character- 
istic of 16a,17a,21-trihydroxy-20-ketosteroids (20). 3 

Reaction of the metabolite on filter paper with acetone (15) 
formed a more mobile derivative which was considerably more 
polar than the corresponding 16a,17a@,-acetonide of triamcino- 
lone. 

The foregoing observations led to the suggestion that the 
metabolite differed from triamcinolone in the inclusion of at 
least one hydroxyl group. This hypothesis was tested by acety- 
lation of the metabolite, triamcinolone, and triamcinolone isomer 
with acetic anhydride-1-C'. The acetylation was accomplished 
by dissolving the nonradioactive steroids in dry pyridine con- 
taining acetic anhydride-1-C™ and letting the solutions stand 


TaBLeE II 


Determination of number of acetylated groups 
of peak II metabolite 


Chromatogram eluate 
steroid concentration 
Chromat- (ug/ml), determined 
ogram (as triamcinolone) via Specific No. of 
eluate 
Steroid acetylated radio- 
activity Isonico- 10-2) groups 
(dpm/ml | Tetrazo- tinic 
xX 107%) lium acid 
blue (9) hydrazide 
(19) 
Triamecinolone....| 3.76 8.0 7.75 | 4.70-4.86 | 2.002 
Triamcinolone 
1.01 19.2 4.70 
Triamcinolone | | 
metabolite...... 1.10 | 15.5 | 144.3 7.23-7.76 3.13 


@ The average specific activity, 4.78 K 10? dpm/ug, is attributed 
to two acetyl groups in the product triamcinolone diacetate (iden- 
tified chromatographically as such). 
represents the radioactivity of one acetyl group, and is the basis 
for the caleulated number of acetylated hydroxyl groups. 

’Triameinolone isomer, 9a-fluoro-118,16a,17aa-trihydroxy- 


- hydroxymethyl -1,4-D-homoandrostadiene -3,17-dione, is 


known to form a diacetate readily (20). 


Metabolism of Triamcinolone in the Dog 


Thus, 2.39 X 10? dpm/yg 
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overnight at room temperature. After paper chromatographic 
purification of the resultant acetates, their specific activities were 
determined (see Table Il). Under these relatively mild condi- 
tions, the 16a-, 21-diacetate of triamcinolone is formed; the 
118- and 17a-hydroxy] groups do not acetylate (17). Triamcin- 
olone isomer formed a diacetate (20), and the metabolite formed 
a triacetate (see Table II). 

Taken together, these observations indicated that the metabo- 


lite was most probably a hydroxylated derivative of triamci- ~ 
The retention of the intact A'4+3-ketone of ring A | 


nolone. 
was established by the ultraviolet, infrared, and sulfurie acid 
spectra, and by the conditions required for coupling with iso- 
nicotinic acid hydrazide. The presence of the intact 16a,17a,- 
21-trihydroxy-20-ketone was indicated by the relative rate and 
intensity of diformazan color development, spectra in sulfuric 
acid (374 to 390 mu band), and apparent isomerization to a 
D-homoannulated analogue (also supported by infrared spectra). 
The 16a,17a-diol was further indicated by the formation of a 
cyclic acetonide derivative (15). Fluorine analysis by the 
Schwarzkopf Microanalytical Laboratory (Woodside, New York) 
revealed the presence of 4 + 1% fluorine; theoretical fluorine 
content of triamcinolone is 4.6%. Thus, only the position and 
orientation of the hydroxyl group remained to be established. 

The proximity of the hydroxy] to the ring A chromophore was 
indicated by its effect on spectra of the steroid in sulfuric acid. 
Positions 6, 7, and 19 were thus suspect, and 19 could be elimi- 
nated on the basis of the known instability of A!-4-3-keto-19- 
hydroxyl systems (21-23). Spectra of 6- and 7-hydroxy-A!4-3- 
ketones in sulfuric acid include strong bands in the 261 to 263 
my region with an associated inflection in the 288-300 my 
region;! such spectra are not exhibited by A!.4-3-ketones which 
are not substituted in ring B. 

Unfortunately, a choice could not be made between the 6- and 
7-hydroxyl on the basis of the spectrum in acid. Spectra in 
alcohol are equally nondistinctive; a number of 6a-,68-, and 
7a-hydroxylated-A! 4-3-ketosteroids! exhibit absorption maxima 
at 236 to 239 my with molar extinctions of approximately 15,000, 
which spectra are not different from those of the unsubstituted 


4!-4.3-ketone parent steroid. 


Spectra in dilute alkali make it possible to differentiate between 
6- and 7-hydroxylation in this series of steroids. Spectral 
changes have been observed upon incubation of 7a-hydroxypred- 
nisone-21-acetate at 60° in 0.066 N alcoholic NaOH, whereas no 
changes were observed for 6a-hydroxyprednisolone or for 68- 
hydroxyprednisolone.! 
the spectral changes associated with the known 7a-hydroxyl 
compounds narrowed consideration to the 6a- and 66-hydroxy 
derivatives of triamcinolone. The latter was preferred on the 
basis of previous reports of 66-hydroxylations of corticosteroids 
by mammals (24, 25). 

Confirmation that the dog urine metabolite of triamcinolone 
was indeed the 68-hydroxy derivative was made by comparisons 
with 66-hydroxytriamcinolone synthesized by unambiguous 
methods? and with 68-hydroxytriamcinolone acetonide prepared 
by microbiological transformations.’ Infrared spectra and paper 
chromatographic properties (Table III) of the triamcinolone 
metabolite were identical with those of an authentic sample of 


1L. L. Smith, unpublished observations. 

? Bernstein, I., and Dusza, J. P., manuscript in preparation. 

3 Holmlund, C., Feldman, L. I., Evans, R. H., Jr., Rigler, N. E., 
Nielsen, B., and Barbacci, N., manuscript in preparation. 
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TaBLeE III 


Comparative paper chromatography of triamcinolone, triamcinolone metabolite, 68-hydrozytriamcinolone, their 16a, 
17a-acetonides, and various closely related compounds 


System II* 
a S Iv? BBMW? 
Steroid ws he 24 hr 5 hr 
16 hr 4 hr (Rp) (cm/hr) (cm/hr) 
(cem/hr) (Rp) 
Triamcinolone 1.2 0.36 5.5 2.0 
Triamcinolone isomer?¢ 0.75 0.18 3.1 
Triamcinolone metabolite (peak II) 0.15 0.44 0.02 0.28 0.33 
63-Hydroxytriamcinolone 0.15 0.43 0.02 0.26 0.34 
Triamcinolone metabolite isomer?4 0.07 0.21 0.01 0.14 
Triamcinolone acetonide 0.94 
Triamcinolone metabolite acetonide¢ 0.74 0.31 0.67 3.8 
68-Hydroxytriamcinolone acetonide 0.74 0.31 0.68 3.8 
68, 16a-Dihydroxy-9a@ fluoro-hydrocortisone 0.27 0.53 
28, 16a-Dihydroxy-9@ fluoro-hydrocortisone 0.69 1.4 
28, 16a-Dihydroxy-9a-fluoro-hydrocorti- 0.85 
sone-l6a,17a-acetonide 


4Systems I, II, and IV of Smith et al. (14). 


¢ Butanol-benzene-methanol-water (1:10:3:3) system of Peterson et al. (11). 
¢ Butyl acetate-ethylene glycol-water (20:1:1) system of Mattox and Lewbart (10). 


4 The isomers are presently formulated as 16a, 


¢ Formed in situ from triamcinolone metabolite (15). 


68-hydroxytriamcinolone kindly made available by Drs. S. 
Bernstein and J. P. Dusza of these laboratories. Paper chro- 
matographic comparison (Table III) of triamcinolone metabolite 
acetonide formed on paper in situ (15) with an authentic 
sample of 68-hydroxytriamcinolone 16a@,17a-acetonide (fur- 
nished by Dr. C. Holmlund of these laboratories) revealed no 
differences between the acetonides. The assigned structure of 
the triamcinolone metabolite (peak II) as 68-hydroxytriamcino- 
lone (9a-fluoro-68 ,4-pregna- 
diene-3 ,20-dione) was thus established. 

Peak III—Spectra in sulfuric acid at various times up to 18 
hours revealed no differences between the material in peak III 
and triamcinolone. The dog urine peak III reduced blue tetra- 
zolium (9) and alkaline ferricyanide (26), coupled with isonico- 
tinic acid hydrazide under conditions typical for A!-4-3-ketoster- 
oids (19), and exhibited an ultraviolet absorption peak at 239 
my (17). On the basis of these data, peak III was identified as 
unchanged triamcinolone, and the identification was confirmed 
by paper chromatographic comparisons with triamcinolone in 
three different solvent systems. 


DISCUSSION 


The conversion of triamcinolone to a single major metabolite 
by hydroxylation at the 68-position represents a departure from 
the relatively large number of metabolites reported for hydro- 
cortisone (5, 24, 27), prednisolone (6, 7), 9a-fluoro-hydrocortisone 
(28), and 2a-methylhydrocortisone (25). This difference is 
probably attributable to the effects of various substituents on 
the rates of corticosteroid metabolism. It is well established by 
studies in vitro that 1,2-dehydrogenation inhibits reduction of 
ring A (29-31), and a fluorine atom in the 9a-position inhibits 
both ring A reduction and C-20 reduction or side chain cleavage 
(2, 29-31). The close proximity of the 16a-hydroxyl may also 


See Smith et al. (20). 


reduce the rate of reduction at C-20 or cleavage of the side chain; 
Florini and Buyske have shown (2) that inclusion of this sub- ~ 
stituent decreases the rate of disappearance of the intact steroid. 
In studies in the human, the inhibition of ring A reduction by 
incorporation of the A! double bond has been reported (32). 
Bush and Mahesh (25) have pointed out that the decrease in 
ring A reduction that results from inclusion of a 2a-methy] group 
caused an increase in the relative amounts of C-20 reduction and 
68-hydroxylation product in human urine. 

Our studies on the metabolism of triamcinolone thus present 
an extension of these observations to a more highly substituted 
hydrocortisone derivative. With the rate of ring A and side 
chain reduction drastically decreased, the dog apparently inacti- 
vates most of the injected triamcinolone by the 68-hydroxylation 
pathway which remains relatively undisturbed by the 1 ,2-de- 
hydrogenation and the addition of 9a-fluoro and 16a-hydroxy 
substituents to the hydrocortisone nucleus. It should be noted 
that very small quantities of other metabolites may be excreted 
in dog urine. No attempt was made to isolate and identify such 
trace metabolites. Fecal metabolites were not investigated 
since the ability of microorganisms to carry out steroid conver- 
sions is well established (33), and it is quite possible that any 
metabolites in feces might be the result of microbiological, rather 
than mammalian, metabolism. 

Consideration of our observations on triamcinolone and data 
available in the literature on other hydrocortisone derivatives 
has led us to suggest that the enhancement of biological activity 
associated with some structural alterations of corticosteroids is 
attributable to two factors: (a) less binding of substituted steroids 
by transcortin (3), and (6) slower metabolism (2) and, hence, 
longer plasma half-life (4) of the substituted steroids. If this 
second mechanism contributes significantly to activity enhance- 
ment, then interference with hydroxylation at the 6 position 
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should cause an increase in the biological activity of the steroid. 
Inhibition of this metabolic hydroxylation might be accomplished 
by substitution at the 6 position of an effective blocking group. 
Therefore, it was of interest to note a recent report (34) that 
6a-fluorotriamcinolone has a_ biological potency considerably 
greater than that of triamcinolone. However, it remains to be 
established whether this difluoro compound is actually metabo- 
lized more slowly or by pathways different from that of triam- 
cinolone. 

The failure to find any ring A reduction product among the 
urinary metabolites of one of the most active of the substituted 
corticosteroids (triamcinolone) opens to question mechanisms of 
corticosteroid action which require oxidation or reduction of 
ring A (35). Although it is possible that such reactions may 
occur to a very small extent, and that the conversion products 
need not necessarily be excreted in the urine, the general observa- 
tion that enhanced corticosteroid activity is usually associated 
with slower metabolism in mitro and excretion of more unchanged 
steroid in the urine (4) makes it unlikely that activity enhance- 
ment can be a result of greater metabolic reactivity of the sub- 
stituted steroids. It seems more reasonable on the basis of these 
observations to postulate mechanisms for corticosteroid action 
which involve induction, repression, activation, or inhibition of 
enzyme systems (36-38), interactions with metal ions (39), 
effects on permeability (40), etc., which do not require oxidation 
or reduction of the steroid molecule. 


SUMMARY 


The metabolic fate of triamcinolone-H? was studied in the dog 
after intravenous injection at a dose of 2 mg per kg. Counter- 
current distribution and paper chromatography revealed two 
major radioactive and blue tetrazolium-reducing components in 
the urine. These were identified by various chemical and phys- 
ical methods as unchanged triamcinolone (20% of dose) and 
66-hydroxytriamcinolone (25% of dose). A third component, 
present in lesser quantities (5% of dose) has not been identified, 
but does not appear to be a glucuronide or a sulfate conjugate. 
A similar pattern of metabolites was observed in the urine of 
one human who received 96 mg of unlabeled triamcinolone per 
day orally for 3 weeks. The results of this and previous studies 
on triamcinolone are inconsistent with mechanisms of corticos- 
teroid action which involve biochemical alterations of the steroid 
molecule. 
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tion of conjugated forms. 
— estrone-16-C' and estradiol-16-C'*, both conjugated and uncon- 
- jugated radioactivity was found in extracts of various protein 
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The literature regarding estrogens in human blood has re- 
cently been reviewed (1), and it was concluded that only a pre- 
liminary qualitative outline of the subject is discernible. No 


- chemical method has yet succeeded in unequivocally character- 
 jzing the trace quantities of estrogens in blood. Preliminary 
~ consideration has so far been given to establishing the total 
- amounts of some estrogens in pregnancy blood or plasma where 
they can be reliably measured. Fluorogens (substances generat- 


ing fluorescence when heated with concentrated solutions of 


- sulfuric or phosphoric acid) which resemble estrone, estradiol, 
and estriol in their solvent partition characteristics have been 
- demonstrated in extracts of pregnancy blood or plasma (2-6). 
The probable occurrence of a large proportion of these estrogens 
as conjugates (presumably glucosiduronates or sulfates) has 
been indicated (2, 3). 


However, in all studies to date, hydro- 
lytic procedures have been used which preclude the characteriza- 
After the intravenous injection of 


fractions of the plasma (7), although its chemical nature was not 


determined. 


The present investigation was made to estimate and charac- 


 terize some exogenous and endogenous plasma estrogens, with 


the use of isotope dilution and countercurrent distribution (8, 9). 


Plasma obtained 24 hours after the administration of 1 mg of 
(estradiol to women was found to contain C'*-estrone sulfate 
asthe principal radioactive metabolite. 
sulfate and some other estrogens were measured in a pool of 


The amounts of estrone 


third trimester pregnancy plasma. Purified extracts of protein 
fractions obtained from the pooled plasma were analyzed for 


- fluorogens which resembled estrone, estradiol, estriol, estrone 
sulfate, and estrone glucosiduronate in their solvent partition 


characteristics. The largest amount of the above fluorogens 
occurred as estrone sulfate. The results suggest that estrone 


sulfate is an important transport form of estrogen in human 
plasma. 


*This work was supported by grants from the National In- 
stitutes of Health, the American Cancer Society, and the Jane 
Coffin Childs Memorial Fund for Medical Research. This is 
Publication No. 1030 of the Cancer Commission of Harvard Uni- 
versity. Requests for reprints should be addressed to Dr. Lewis 
L. Engel, Huntington Laboratories, Massachusetts General Hos- 
pital, Boston 14, Massachusetts. 

t Predoctoral Fellow of the United States Public Health Service 
from 1956 to 1959. Present address, Department of Chemistry, 
Harvard University, Cambridge 38, Massachusetts. 

t Permanent Faculty Fellow of the American Cancer Society. 


EXPERIMENTAL PROCEDURE 
Materials 


Estrogen Derivatives—The preparations of estrone methyl 
ether (10), estrone methoxime (11), and estrone glucosiduronic 
acid (9) have been described. Sodium estrone sulfate was ob- 
tained from estrone pyridinium sulfate (12) according to the 
procedure of Grant and Glen (13). Sodium estrone sulfate 
methoxime was similarly obtained from estrone methoxime, or 
in higher yield from sodium estrone sulfate with methoxyamine 
acetate. Disodium estrone phosphate was prepared essentially 
as described for the formation of estradiol-17-monophosphoric 
acid ester (14). No impurities were detected when 100-yg 
amounts of the above compounds were chromatographed on 
paper by modifications of the procedure described by Bush (15) 
for unconjugated estrogens, and the solvent systems of Lewbart 
and Schneider (16) for conjugated estrogens. 

Radioactive Estrogens—Estrone-16-C' of specific activity 
80,600 c.p.m. per wg was purchased from the Nuclear-Chicago 
Corporation and purified by gradient partition column chroma- 
tography as described below. Estriol-16-C" of specific activity 
48,900 ¢.p.m. per wg was obtained from Dr. M. Levitz and 
similarly purified. Estradiol-16-C™ of specific activity 4760 
¢.p.m. per wg was purchased from Charles E. Frosst and Com- 
pany. Estradiol-4-C™ of specific activity 5710 ¢.p.m. per ug 
was obtained from the New England Nuclear Corporation. No 
radioactive impurities were detected at the 0.5% level when the 
C'-estradiol preparations were examined by paper chromatog- 
raphy followed by radioautography. Sodium estrone-16-C™ 
sulfate of specific activity 58,500 c.p.m. per ug was prepared 
from estrone-16-C'™ as described for the unlabeled material. 
The compound was purified by gradient alumina column chro- 
matography as described below. When the preparation was 
subjected to paper chromatography followed by radioautog- 
raphy, a single radioactive spot with the mobility of estrone 
sulfate was detected. 

C'labeled estrone sulfate was converted to the methoxime 
by dissolving the material in 1 ml of methanol and adding to 
it 1 ml of a methoxyamine acetate reagent. This reagent was 
prepared by grinding 85 mg of methoxyamine hydrochloride 
with 120 mg of anhydrous potassium acetate under 5 ml of 
methanol. The reagent was separated from undissolved solid 
by centrifugation. After standing overnight at 37° the reaction 
mixture was brought to pH 8 with 1 N NaOH in methanol and 
evaporated in a vacuum. The residue was partitioned between 
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n-butanol and water. The butanol phases containing estrone 
sulfate methoxime were evaporated in a vacuum. 

C'+abeled estrone sulfate was hydrolyzed to estrone in 25 ml 
of 10% (weight per volume) trichloroacetic acid in p-dioxane 
(17). 

Solvents—Anhydrous diethyl ether (Mallinckrodt analytical 
reagent grade) and p-dioxane (Eastman White Label) were 
passed through basic alumina (Woelm, activity grade I) before 
use. Other reagent grade solvents were redistilled, usually with 
a column with 60 theoretical plates under total reflux. 


Methods 


Protein Fractionation—Immediately after drawing into acid- 
citrate-dextrose anticoagulant (18), blood was centrifuged at 
2500 x g for 30 minutes at 4° and the plasma recentrifuged to 
remove residual cells. The cells were washed three times with 
25 volumes of 0.9% NaCl at 4° and centrifuged. The packed 
red cells were then hemolyzed with 10 volumes of absolute 
ethanol per volume of packed cells. This mixture was stirred 
for 2 days at 4°, centrifuged, and the ethanol extracts evaporated 
ina vacuum. The plasma was partially fractionated by Cohn 
Method 6 (19) to obtain Fractions I, II + III, IV-1, and IV-1 
Supernatant. The precipitation of Fraction IV-1 was allowed 
to proceed until the total cholesterol content of the supernatant 
solution was only 3% of the original total plasma cholesterol. 
Total cholesterol was determined by the method of Abell et al. 
(20). In one experiment, Fraction II + III was further sepa- 
rated to obtain a fraction containing 8-lipoproteins by precipi- 
tation with dextran sulfate according to the procedure of Oncley 
et al. (21). 

Extraction of Plasma Estrogens—Plasma or plasma protein 
solutions were extracted with Delsal’s methylal-methanol rea- 
gent (22) by a modification of the procedure of Oncley e¢ al. 
(23). For each volume of protein solution to be extracted, 20 
volumes of 4 parts (by volume) of methylal and 1 part of metha- 
nol were cooled to about —75°. The protein solution at 4° was 
added dropwise with stirring and warmed with stirring over- 
night to —12°. After centrifugation at —10° the precipitated 
protein was further extracted with an additional 20 volumes of 
absolute ethanol at 4°. The extracts were combined and 
evaporated in a vacuum. In this and subsequent evaporations, 
the temperature was kept below 25°. The addition of sec-buta- 
nol reduced the foaming that occurred toward the completion 
of the evaporation. With the use of this extraction procedure, 
98% of estrone-16-C' sulfate and 95% of estradiol-4-C™ added 
to plasma were recovered in control experiments. 

Separation of Plasma Estrogens—The plasma lipid extracts 
were distributed in six-funnel countercurrent distributions with 
stripping (24) with the use of hexane-aqueous 90% methanol 
(25). The hexane phases were discarded. The lower phases 
containing conjugated and unconjugated estrogens were evapo- 
rated in a vacuum. Unconjugated estrogens were separated 
from estrogen conjugates in six-funnel countercurrent distribu- 
tions with stripping, with the solvent system ether-water. The 
aqueous phases were kept at pH 7 to 8 and the distribution was 
completed as rapidly as possible to minimize solvolysis of sul- 
fates (12, 26). The combined water phases containing the con- 
jugated estrogens and the combined ether phases containing 
unconjugated estrogens were evaporated in a vacuum. 

Estrogen conjugates were separated by adsorption column 
chromatography into fractions containing sulfates or glucosidu- 
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ronates by a modification of the procedure of Barlow and Kellie j ( 


(27). 


a 12-g alumina column prepared with absolute methanol. The 
column was composed of 4 parts by weight of neutral alumina 


(Woelm, activity grade III) and 1 part of washed Celite 545 © 
The estrogen sulfates © 
were first eluted with 250 ml of absolute methanol and this > 


(Johns-Manville) or Hyflo Super-Cel. 


bulk fraction was evaporated ina vacuum. The estrogen gluco- 


siduronates were then eluted with 250 ml of 40% aqueous 0.1 . 
N NH,OH in methanol and evaporated in a vacuum. Under - 


these conditions estrone phosphate remained on the alumina 
column. 


Very polar material was separated from the bulk estrogen | 


fractions by six-funnel countercurrent distributions with strip. 
ping. These separations were necessary to reduce the total 
amount of material present before subsequent purifications could 
be satisfactorily made. The estrogen sulfate fraction was dis- 
tributed in the solvent system sec-butanol-aqueous 0.1 N NH,OH 


in which estrone sulfate has a partition coefficient (A) of >5, > 


The estrogen glucosiduronate fraction was distributed in the 
solvent system n-butanol-aqueous 5% acetic acid in which es. 
trone glucosiduronate has a A of >10. The combined upper 
phases of the separate distributions were evaporated in a vac- 
uum. 

Purification of Plasma Estrogens—Estrogen sulfates were puri- 
fied by alumina column chromatography by a modification of 
the procedure of Grant and Beall (28). The sulfate fraction in 
a few milliliters of methanol was made basic with 1 N NaOH 
in methanol and diluted with an equal volume of benzene. The 


fraction was quantitatively transferred to an alumina column © 
similar to that described above but prepared with equal volumes © 


of methanol and benzene. A gradient of methanol was applied 


with the use of a 500-m] constant volume mixing chamber (29) © 
Estrone 


sulfate was characteristically eluted at 61 to 64°% methanol in 


containing equal volumes of benzene and methanol. 


benzene in greater than 90% yield. 

Estrone, estradiol, and estriol were purified by gradient parti- 
tion column chromatography by the procedure of Engel et al. 
(30). A typical column chromatogram is illustrated in Fig. 3. 
The radioactivity was measured in the eluates of the chromato- 
grams to determine the location of the three C'*-labeled estro- 
gens. The peak tubes of each radioactive region, containing 


about 90% of the added carrier, were pooled and evaporated in | 


a vacuum. 
Countercurrent Distributions—Countercurrent distributions 
were carried out in a 30-, 50-, or 100-tube glass apparatus (H. 0. 
Post Scientific Instrument Company). Estrone methyl] ether 
was distributed in a solvent system of Diczfalusy and Lindkvist 
(31). Other unconjugated estrogens were distributed with the 
use of solvent systems described by Engel et al. (32). The 
solvent systems are described in terms of the percentage of 
composition by volume of the upper and lower phases before 
equal volumes of the two phases were equilibrated. In the 
countercurrent distributions, volumes of 10 ml were used for 
each phase. After the distributions were completed, the con- 
tents of selected tubes +3@ from the expected distribution 
mean were dried in a vacuum from the frozen state. The resi- 
dues containing conjugated estrogens were dissolved in meths- 
nol, and those containing unconjugated estrogens were dissolved 
in 95% ethanol. Theoretical curves for the distributions were 


The conjugated fraction in methanol was made basic © 
with a drop of 1 N NaOH and quantitatively transferred to a — 
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calculated by the method of Weisiger (24) with the average 
distribution mean determined statistically. The theoretical 
curves in the figures are indicated by dashed lines. 

Measurements—Estrone methoxime sulfate was hydrolyzed 
by standing in p-dioxane overnight, and the estrone methoxime 
formed was measured by ultraviolet spectrophotometry (11). 
Other estrogens were measured by the photofluorometric method 
of Slaunwhite et al. (33) with a Farrand fluorometer. For these 
latter measurements, aliquots of solutions of estrogen conjugates 
in methanol were allowed to evaporate spontaneously in the dark 
at room temperature. Aliquots of solutions of unconjugated 
estrogens in 95% ethanol were treated in a similar fashion at 55 
to 65°. The photofluorometric measurement in triplicate of 
aliquots of selected tubes of the countercurrent distributions 
were performed in a systematic sequence from —36 from the 
distribution mean to +36. Aliquots from standard solutions 
were measured in triplicate at three or four different dilutions. 
The coefficient of variation of the measurement of estrogen 
standards was about 1.5%. In crude fractions, estrone was 
used as a standard for photofluorometry, and the results are 
given in terms of “estrone” equivalents. 

Measurements of radioactivity were usually determined from 
a single plating of the samples as previously described (11). 
The error of plating was found to be about 3.5%. A total of 
1 X 10° counts was accumulated for each planchet. 

The determination of the specific activities of the separated 
unconjugated estrogens was made from eluates of the column 
chromatograms. The separate residues from the peak regions 
were dissolved in 10 ml of 95% ethanol. The total radioactivity 
of each solution was determined from measurements made of 
platings of five equal aliquots. The amount of estrogen in each 
solution was determined in quadruplicate from photofluorometric 
analyses at several different dilutions with the appropriate estro- 
gen as standard. From these determinations the specific activi- 
ties (Y.) of the separated estrogens were obtained. The amounts 
of the unconjugated estrogen (e) present in the partially purified 
extract of the plasma protein fractions were calculated (34) by 
the formula: total amount of e per liter of acid-citrate-dextrose 
plasma = [(S.A../X.) — 1] 1000 W./V, where V = ml of acid- 
citrate-dextrose plasma fractionated, S.A.. = the specific ac- 
tivity of the carrier e, and W, = the amount of e added to 
the unconjugated estrogen fraction. 

Statistical Analyses—Data obtained from countercurrent dis- 
tributions were fitted to polynomial curves by the method of 
orthogonal polynomials (11). Radiochemical purity was tested 
by a statistical comparison of the estimated linear and quadratic 
terms and the distribution means of the polynomial curves of 
weight and radioactivity (9). A difference between these 
parameters is considered significant at the 5% level of proba- 
bility (p <0.05). 

Statistical analysis showed that the “true error” of the photo- 
fluorometric method was masked by the sequential handling 
described above. This was proved in an experiment, unfortu- 
nately performed only at the end of this study, in which dupli- 
cates of tubes containing five different levels of estrone were 
treated in either a systematic or a random order. The variance 
between duplicates in the random series was about 6 times that 
found in the systematic series. Thus the standard error calcu- 
lated from the random series was about “/ 6 = 2.5 times the 
incorrect standard error obtained from the systematic series. 
This conclusion was further substantiated in an analysis of 
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selected tubes of the 1000-transfer countercurrent distribution of 
estrone-16-C™ (11). Measurements by the photofluorometric 
method were made in triplicate with either a random or a sys- 
tematic treatment. The standard deviation from the fitted 
curve in the systematic analysis was within 5% of the value 
obtained in the 100-transfer distribution of estrone described in 
this paper, whereas the standard deviation of the random analy- 
sis was 2.89 times as large. 

Where a correction is indicated in the text, the standard devia- 
tion of the analysis of weight (é2, reference (9)) was increased 
to 2.5 times that obtained from the systematic measurements. 

Characterization of Estrone Sulfate in Human Plasma after 
Administration of C'*-labeled Estradiol—In Experiment A a solu- 
tion of 4.76 X 10° ¢.p.m. of estradiol-16-C™ (1 mg) in 1 ml of 
propylene glycol and 10 ml of 12.5% human serum albumin in 
NaCl was injected intravenously into a 53-year-old woman with 
cancer of the breast. A volume of 220 ml of blood was col- 
lected through cation exchange resin (Dowex 50, Nat) and the 
separated plasma extracted without fractionation. Extracts 
of the plasma contained 4500 c.p.m., whereas less than 400 
c.p.m. were extracted from the washed red cells. The extracted 
plasma proteins were hydrolyzed with 1 g of crystalline trypsin 
(Armour Laboratories) for 2 hours at 37° in pH 7.1 phosphate 
buffer. No additional radioactivity was detected in methylal- 
methanol extracts of the resulting protein digest. 

In Experiment B an infusion of 6.78 x 10° ¢.p.m. of estra- 
diol-4-C™ (1.2 mg) in a 250-ml solution, containing 1% human 
serum albumin and 5% dextrose in 0.9% NaCl, was admin- 
istered over a 40-minute period to a 39-year-old woman with 
cancer of the breast. The patient had received 4 mg of 
unlabeled estradiol intramuscularly during the 2-day period pre- 
ceding phlebotomy. With the patient under thiopental anes- 
thesia, 625 ml of blood were collected into 240 ml of acid-citrate- 
dextrose solution 2} hours after the end of the infusion. From 
extracts of an aliquot of the plasma it was calculated that 
47,500 c.p.m. were present in the 500 ml of acid-citrate-dextrose 
plasma that was subsequently fractionated. The precipitated 
protein from this aliquot was digested with trypsin and extracted 
with Delsal’s reagent as described above. The extract con- 
tained only an additional 4% of the original radioactivity ob- 
tained from this aliquot. The trypsin-digested protein was 
dried in a vacuum from the frozen state and hydrolyzed in 0.1 
N NaOH for 3 hours over a steam bath. After acidification 
and reextraction, no additional radioactivity was obtained. 
The extracts of the red cells in Experiment B contained less 
than 1250 c.p.m. The distribution of radioactivity in the vari- 
ous plasma protein fractions is given in Table I. 

After the separation of estrogen conjugates from unconjugated 
estrogens, carrier sodium estrone sulfate and estrone glucosidu- 
ronic acid were added to the conjugated estrogen fractions. The 
individual estrogen conjugates obtained in Experiments A and 
B were separated by alumina column chromatography and 
countercurrent distribution. The results of the distribution of 
radioactivity in the various estrogen fractions are summarized 
in Table II. The amount of radioactive estrone sulfate was 
calculated from the specific activities of the purified compound. 
The amount of radioactive material which resembled estrone 
glucosiduronate was estimated from the average specific activity 
of material in the peak tubes of the countercurrent distribu- 
tions. Other values represent the amounts of radioactivity 
measured in the crude estrogen fractions. 


ellie 
basic 
to a 
The 
mina | 
> 545 | 
this | 
luco- | 
s 0.1 
Inder i 
mina 
rogen 
strip- 
total 
could | 
>5. | 
the | 
h es- 
pper 
vac- 
The 
; 
| 


1046 Estrone Sulfate from Human Plasma Vol. 236, No. af 


TaBLeE [ might be identical. The results of the chromatogram obtained F 
Distribution of radioactivity in plasma protein fractions in Experiment B are shown in Fig. 1. es 
of experiment B The remaining contents of tubes 25 to 40 of the aluming © t 
column chromatogram of Experiment B were pooled and evapo. 
6 Peastion Radioac- Tated ina vacuum. The residue containing about 21,000 c.p.m, ,. 
| terol*® | tivity* tl 
| | was subjected to four successive 100-transfer countercurrent — 
distributions in different solvent systems. Although no 
800 0.6 separation was observed between the carrier estrone sulfate and | 9. 
| 68 4,800 10 the radioactivity, the first three distribution curves were too al 
(g-lipoproteins)................ (63) distorted to permit statistical analyses of radiochemical purity, 
(8-lipoprotein supernatant)... . | (5) (4,400) (9) to be made. The final, slightly skewed distribution is illus. ,, 
| il 2,900 6 trated in Fig. 2a. The results of the statistical analysis of the; 
| 3 35 ,000T 
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Fic. 1. The gradient alumina column chromatography of the Fic. 2. The 100-transfer countercurrent distribution of (a) 8 
C'4-estrogen sulfate fraction. The radioactivity, inc.p.m., @,is C'4-estrone sulfate and (b) C'4-estrone methyl ether obtained from sd 
plotted as ordinate on the left and the weight, in wg, O, of carrier the C'4-estrone sulfate. The radioactivity, inc.p.m., @, is plotted radio 
sodium estrone sulfate on the right. The fraction number of the as ordinate on the left and the weight of the carrier, in ug, O, 00 | carn 
eluate is indicated as abscissa. The specific activity, in c.p.m. the right. In (a) weight is expressed as microequivalents of 80 © distri 
per wg, ©, of Fractions 27 to 37 is plotted above the elution curve. dium estrone sulfate. The tube number of the distribution is indi- | cant} 
cated as abscissa. The solvent systems employed were (a) 85% 50-trs 
The estrogen sulfate fractions obtained in Experiments A and _ sec-butanol-15% 2,2,4-trimethylpentane-aqueous 0.1 N NH,OH, syster 
B were partially purified in six-funnel distributions and then and (b) hexane-aqueous 90% methanol. The dotted line represents j |, 
chromatographed. In both cases the presence of only one radio- the theoretical normal distribution curve for a compound with the briths 
active compound was indicated. <A plot of the specific activity of found 
‘ ted rithm of the specific activity, in c.p.m. per ng, of tubes in 
against the eluate peak region of the distribution is plotted above the distribution distri 
that the radioactive material and the carrier estrone sulfate curve. the q 
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. cally like sodium estrone sulfate methoxime. 
- 780 c.p.m. from the peak fractions of the chromatogram were 
subjected to a 24-transfer countercurrent distribution in the 


0.41). 
statistical analysis of radiochemical purity. 
specific activity did not show any trend toward higher or lower 
values in the region of +26 from the distribution mean (8). 
This suggests that the C'estrone methoxime sulfate may be 
 radiochemically pure. 


was found (K = 1.31). 
_ showed no significant differences between the estimated param- 
_ eters of the curves of weight and radioactivity. The C-labeled 
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7 distribution showed a significant difference between the linear 


coefficients of the distribution curves of weight and radioactivity 
that did not disappear after correction for the sequential meas- 
urement of weight. The quadratic coefficients and the distribu- 
tion means were not significantly different. The unweighted 
average specific activity from the peak tubes of the distribution 
was 238 + 5 (s.e.m.) ¢.p.m. per wg, compared to a value of 
935 + 5 ¢.p.m. per wg found for the estrone sulfate from the 
alumina column chromatogram. Despite this constant specific 
activity during purification, the possibility existed that the 
earrier estrone sulfate had partition characteristics similar to 
but distinguishable from another C'*-labeled metabolite of the 
administered estradiol-4-C"*, 

Formation of C'-labeled Sodium Estrone Sulfate Methoxime— 
The remaining contents of the eluate fractions from the alumina 
column chromatogram of estrone sulfate in Experiment A were 
combined and evaporated in a vacuum. The residue contain- 
ing 1400 c.p.m. was made to react with methoxyamine acetate. 
Additional carrier sodium estrone sulfate methoxime was added 


to the crude product, and the mixture was purified by gradient 
~ alumina column chromatography as described for estrone sulfate 


The elution pattern of the chromatogram showed the presence 
of a single radioactive substance that behaved chromatographi- 
The remaining 


solvent system 80% butyl acetate-20% n-butanol-aqueous 0.1 
ny NH,OH. A single peak of radioactivity was found (K = 
The number of transfers was too small to apply the 
However, the 


Hydrolysis of C"4-labeled Estrone Sulfate to Estrone—After 


hydrolysis of the C'*-estrone sulfate to estrone as described, the 
- erude hydrolysis product obtained in Experiment A containing 
about 1000 c.p.m. was diluted with additional carrier estrone. 


The mixture was subjected to a 50-transfer countercurrent dis- 


tribution in the solvent system aqueous 70% methanol-carbon 


tetrachloride. A single peak of radioactivity and fluorescence 


The results of the statistical analysis 


estrone in this experiment was judged to be radiochemically 
pure. 

In Experiment B, carrier estrone and estradioi were added to 
one-fifth of the hydrolysis product containing 1400 c.p.m. A 
countercurrent distribution of 65 transfers was performed in 
the solvent system used in Experiment A. The single peak of 
radioactivity that was found corresponded with the peak of 
carrier estrone (K = 1.26). The estimated parameters of the 
distribution curves of weight and radioactivity were not signifi- 
cantly different. The remaining 800 c.p.m. were subjected to a 
0-transfer countercurrent distribution in a different solvent 
system composed of 90% cyclohexane-10% ethyl acetate-aque- 
ous 40% ethanol. A single peak of radioactivity and fluores- 
tence was found (AK = 1.64). No significant differences were 
found between the linear coefficients or the means of the two 
distribution curves. After correction for sequential handling, 
the quadratic coefficients were not significantly different. The 
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unweighted average specific activity of estrone from 11 peak 
tubes of this distribution was 44.0 + 1.0 (s.e.m.) ¢.p.m. per 
ug as compared to a value of 44.7 + 0.5 c.p.m. per ug obtained 
from 12 peak tubes of the first distribution. The absence of a 
significant change in specific activity of the C'*-labeled estrone 
in Experiment Bb supports the claim of its radiochemical purity. 

Formation of C'*-labeled Estrone Methyl Ether—The remaining 
four-fifths of the product of hydrolysis of C-labeled estrone 
sulfate in Experiment B, containing 8000 c.p.m., was coriverted 
to the methyl ether by treatment with dimethyl sulfate accord- 
ing to the procedure of Brown (35). The crude methy! ether 
was diluted with additional carrier estrone methyl ether. The 
mixture was subjected to a 100-transfer countercurrent distribu- 
tion in the solvent system hexane-aqueous 90% methanol. The 
results of the determinations of weight and radioactivity are 
illustrated in Fig. 2b. The statistical analysis showed no signif- 
icant differences between the parameters of the estimated dis- 
tribution curves. The C'*-estrone methyl ether was judged to 
be radiochemically pure. 

Attempted Characterization of Estrone Glucosiduronate—The 
crude estrogen glucosiduronate fractions were partially purified 
by solvent partitions. The residues obtained in Experiments A 
and B were subjected to countercurrent distributions in the sol- 
vent system sec-butanol-aqueous 0.1 N NH,OH. A 50-transfer 
distribution of 500 ¢.p.m. plus carrier estrone glucosiduronate in 
Experiment A had a peak of fluorescence and radioactivity in 
tube 27 (K = 1.17). However, the radiochemical impurity of 
the material was indicated (8) because of a significant decrease 
of specific activity in the region of tubes 18 to 36. This decrease 
was caused by incomplete separation of the estrone glucosidu- 
ronate from a more polar radioactive substance. There was in- 
sufficient radioactivity left to permit further study. 

In Experiment B analyses were made on the material in every 
fourth tube of the 100-transfer distribution of 4100 c.p.m. plus 
carrier estrone glucosiduronate. Three distinct peaks of radio- 
activity were obtained that are believed to correspond to estra- 
diol glucosiduronate (K = 0.52), estrone glucosiduronate (K = 
1.2), and 2-methoxyestrone glucosiduronate (K = 3.8). From 
estimates of the radioactivity in the peak tubes of these regions 
of the countercurrent distribution, it was calculated that the 
regions contained 640 c.p.m., 1570 ¢.p.m., and 1340 ¢.p.m., re- 
spectively. The remaining material in the region of estrone 
glucosiduronate, containing about 1400 c.p.m., was combined 
and subjected to a 50-transfer distribution in the same solvent 
system. A single peak of radioactivity and fluorescence was 
found (K = 1.36). However, the estimated parameters of the 
curves of weight and radioactivity were found to be significantly 
different in all respects (9). These differences are caused by the 
presence of the two other C-labeled estrogen glucosiduronates 
which have not been adequately separated from estrone glu- 
cosiduronate. The compound was judged to be radiochemically 
impure. There was insufficient radioactivity for further at- 
tempts at characterization. 

Estrogens in Pregnancy Plasma—Units of about 250 ml of blood 
were collected in 37.5 ml of acid-citrate-dextrose solution from 
three women near the beginning of their third trimester of preg- 
nancy. The plasma and blood cells were separated and the cells 
discarded. The combined acid-citrate-dextrose plasma had a 
total volume of 500 ml. This was fractionated by Cohn Method 
6 and the individual protein fractions extracted. The following 
weights of ‘total lipid’? were obtained from the various Cohn 
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fractions: 0.24 g from Fraction I, 2.41 g from Fraction II + 
III, 1.98 g from Fraction IV-1, and 4.18 g from Fraction IV-1 
Supernatant. These extracts were further purified by solvent 
partitions and unconjugated estrogens were separated from estro- 
gen conjugates. Estrone sulfate and unconjugated estrone, 
estradiol, and estriol were measured in purified extracts of plasma 
protein fractions by isotope dilution analysis. 

Analysis of Unconjugated Estrogens in Extracts of Protein Frac- 
tions of Pregnancy Plasma—The amount of “‘estrone”’ equivalents 
in the crude unconjugated estrogen fractions was estimated by 
photofluorometry. The following values were obtained: 4 ug in 
Fraction I, 74 wg in Fraction II + III, 71 ug in Fraction IV-1, 
and 57 wg in Fraction IV-1 Supernatant. To the unconjugated 
estrogens from Fractions II + III, I[V-1, and 1V-1 Supernatant 
the following radioactive carriers were added: 1.22 yg of estrone- 
16-C!4, 1.38 wg of estradiol-4-C', and 1.36 ug of estriol-16-C™. 
The mixtures were then separated by gradient partition column 
chromatography. The separation obtained on the material from 
Fraction I[V-1 is illustrated in Fig. 3. The results of the calcula- 
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Fic. 3. The gradient partition column chromatography of the 
unconjugated estrogens obtained from extracts of Cohn Fraction 


30 
GR. 


IV-1 of pregnancy plasma. Carrier C'4-labeled estrone, estradiol, 
and estriol were added. The radioactivity, inc.p.m., @, is plotted 
as ordinate on the left. On the column aqueous 90% methanol on 
Celite was used as the stationary phase and 2,2,4-trimethylpen- 
tane as the moving phase. The free column volumes of the eluted 
moving phase are indicated as abscissa. A gradient of ethylene 
dichloride was applied after 33 column volumes had been collected. 
The calculated volumes per cent of ethylene dichloride in 2,2,4- 
trimethylpentane in the eluate fractions are plotted as ordinate on 
the right. The dotted line gives the composition of the gradient. 


TaBLeE III 
Isotope dilution analysis of some estrogens in protein fractions 
of pregnancy plasma 
Pooled third trimester pregnancy plasma, concentration in ug 
per liter. 
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| 
Unconjugated 


Sodium 
Cohn Method 6 Fraction estrone 
Estrone _ Estradiol Estriol sulfate 
0.2 <0.2 <0.2 1.6 
2.0 1.2 0.8 1.0 
IV-1 Supernatant... 9.0 9.4 0.2 50 


tions of the amounts of estrone, estradiol, and estriol in the Cohn 


fractions are given in Table III.! 


Analysis of Estrone Sulfate in Extracts of Protein Fractions of 


Pregnancy Plasma—To the conjugated estrogen fractions, 2.50 
ug of carrier sodium estrone-16-C™ sulfate were added. The 
conjugated estrogens were separated into fractions containing 
estrogen sulfates and glucosiduronates and the estrone sulfate 
purified by gradient alumina column chromatography. The 


amount of sodium estrone sulfate in the peak tubes of the chro. * 
matograms was determined by isotope dilution analysis accord. | 


ing to the method described for unconjugated estrogens. The 
results of these determinations are summarized in Table III, 


The total amount of sodium estrone sulfate in pregnancy plasma , 
was found to be 53 ug per liter of acid-citrate-dextrose plasma? | 

Characterization of Estrone Sulfate in Extract Obtained from | 
Pregnancy Plasma—The amount of estrone sulfate that was‘ 
found in an extract of Cohn Fraction IV-1 Supernatant was © 
Material from the © 


sufficient to permit further characterization. 
alumina column chromatogram of this fraction, containing 
122,000 ¢.p.m. of carrier estrone-16-C' sulfate, was rechromato- 
graphed on alumina. The peak eluate fractions, containing 
94,000 c.p.m., were combined. This material was subjected to 
a 100-transfer countercurrent distribution in the solvent system 


80% sec-butanol-20% trimethylpentane-aqueous 0.1 N NH,OH. | 
No significant differences were found between the quadratic — 
After 
correction for the sequential handling of weight, the linear coeffi- | 


coefficients or the means of the two distribution curves. 


cients were not significantly different. 

The remaining 65,200 c.p.m. from the distribution of estrone 
sulfate were hydrolyzed to estrone. The crude hydrolysis 
product containing 61,200 ¢.p.m. was subjected to a 100-transfer 


countercurrent distribution in the solvent system aqueous 67% © 


Slight emulsions occurred in the 
After correction for the se- 


methanol-carbon tetrachloride. 
forward part of the distribution. 


quential handling of weight, the statistical analysis showed no © 


significant differences between the estimated parameters of the 
distribution curves of weight and radioactivity. The up 
weighted average specific activity of the estrone sulfate before 
hydrolysis was 7120 + 53 (s.e.m.) ¢.p.m. per wg equivalent of 
estrone. After hydrolysis a value of 7030 + 60 c.p.m. per pg 
was found. The constancy of the specific activity supports the 
conclusion that estrone sulfate characterized in an extract ob- 
tained from human pregnancy plasma is radiochemically pure. 
Estrone Glucosiduronate in Extracts of Protein Fractions of 
Pregnancy Plasma—The estrogen glucosiduronates that had 
been extracted from Cohn Fractions II + III, IV-1, and IV-l 


The values of the amounts of ‘‘estrone’’ equivalents obtained 
before chromatography bear little relation to the results of the 
isotope dilution analysis in Table III. In the photofluorometric 
analyses of the eluates of the chromatograms, the largest amounts 
of fluorogens appeared in the pigmented first three column volumes 
of moving phase. These fluorogens are obtained from material 
that is less polar than any known or postulated estrogen. Their 
presence in such large quantities in plasma emphasizes the neces- 
sity for using a satisfactory separation procedure before analyses 
of unconjugated estrogens can be made. 

2 In the alumina column chromatogram of estrogen sulfates ob- 
tained from Fraction IV-1 Supernatant, fluorogens were detected 
in the region immediately following the elution zone of estrone-lé- 
C™ sulfate. Only about 6 yweq. of sodium estrone sulfate were 
found in the region of these unknown fluorugens. Consequently, 
a further study of this material was not undertaken. 
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Supernatant were partially purified by alumina column chro- 
matography and solvent partitions. The three separate estro- 
gen glucosiduronate fractions were subjected to 100-transfer dis- 
tributions in the solvent system sec-butanol-aqueous 0.1 N 
NH,OH. Aliquots of the contents of every fourth tube were 
analyzed for estrogen by the photofluorometric method. A 
substance that resembled estrone glucosiduronate in its partition 
coefficient (K = 1.3) was found only in the distribution of ma- 
terial obtained from Fraction IV-1 Supernatant. The amount 
of this substance was estimated to be <1 yg equivalent of es- 


trone per 100 ml of acid-citrate-dextrose plasma. It was not 
characterized. 
DISCUSSION 
Methods have been developec extraction, 
separation, and purification of im 
These methods, combined with the technique ‘shution, 


permitted the characterization of ('+estrome swlfete om plasma 
obtained from two women 2) hours after the mtravenous ad- 
ministration of C-estradiol. At this time other workers (36, 37) 
had found that the conjugated radioactivity reached a maximum 
in plasma. In the two experiments excellent agreement was 
found between the percentage distribution of radioactivity in the 
purified estrogen fractions. Only small amounts of a radioactive 
metabolite that resembled estrone glucosiduronate were present. 
No estrone phosphate was found. 

Since the radioactivity in plasma was comprised largely of 
estrone sulfate, this suggests that it is an important transport 
form of estrogen in human plasma. However, two limitations 
must be placed on such a conclusion from this type of study. 
The 1l-mg quantity of estradiol that was injected is large. It 
could conceivably have altered the rate and the character of the 
metabolic transformation products. This change might be re- 
flected in the relative amounts of different metabolites of estra- 
diol in plasma. The data of Cameron et al. afford evidence of a 
difference in the urinary metabolites of such a nontracer dose. 
In addition, only one point in the time sequence of the kinetics 
of estradiol metabolism has been examined. There is no assur- 
ance that the result here is particularly representative of a normal 
blood pattern. 

In order to obtain further information, the amount of estrone 
sulfate in comparison with some other estrogens was investigated 
in pregnancy plasma. By isotope dilution analysis, sodium es- 
trone sulfate was found in the largest quantity; it was present 
in about 4 times the molar concentration of estrone. Little es- 
trone glucosiduronate was present. The combined totals of 
estrone and sodium estrone sulfate amount to 4.9 ug equivalents 
of estrone per 100 ml of acid-citrate-dextrose plasma. Consider- 
ing the effect that individual variation among the three donors 
could have, these results are in good agreement with recent 
values in the literature. Preedy and Aitken (4), using photo- 
fluorometric analyses, reported an average of 6.5 (2.7 to 10.3) ug 
of total estrone per 100 ml of plasma obtained from women at 
the end of their third trimester of pregnancy. Slaunwhite and 
Sandberg (6), from isotope dilution studies, reported 3.1 or 9.3 
ug of total estrone per 100 ml of pooled plasma collected from 
women near the beginning or at the end of their third trimester, 
respectively. 


*C. B. Cameron, N. Trofimow, and L. L. Engel, unpublished 
results. 
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The estrone sulfate extracted from pregnancy plasma was 
characterized as radiochemically pure in countercurrent distribu- 
tions before and after hydrolysis to estrone. The limitations of 
this experiment are much less severe than those discussed above. 
The contribution of the fetus and the placenta to the increased 
levels of estrogen as pregnancy progresses may result in a change 
in estrogen metabolism that is reflected in the maternal blood 
pattern. The evidence obtained from these two different experi- 
mental situations is complementary. Together these findings 
are compatible only with the conclusion that estrone sulfate is an 
important circulating estrogen in the plasma of women. 

Estrone sulfate was found in the supernatant solution of Cohn 
Fraction 1V-1, both after the administration of C!*-estradiol and 
in pregnancy plasma. Its presence there indicates that it is not 
principally associated with any of the major plasma lipoproteins 
(Table I). It would be expected to occur in this supernatant 
solution if it were either bound to a protein like albumin, or 
essentially unbound in plasma. Binding studies of Gurd and 
Oncley,‘ employing equilibrium dialysis, have shown a binding 
capacity of about 50 moles of sodium estrone sulfate per mole of 
human serum albumin. 


SUMMARY 


Estrone sulfate has been characterized in extracts obtained 
from human plasma 2} hours after the administration of C'*- 
labeled estradiol to women, and from pooled third trimester 
pregnancy plasma. With the use of the method of isotope dilu- 
tion in conjunction with that of countercurrent distribution, the 
characterization of estrone sulfate has been achieved through a 
statistical analysis of radiochemical purity before and after deriv- 
ative preparation. Only small amounts of material that re- 
sembled estrone glucosiduronate were found. In the pregnancy 
plasma, estrone sulfate was present in approximately 4 times the 
molar concentration of unconjugated estrone. Together, these 
findings are compatible with the conclusion that estrone sulfate 
is an important circulating estrogen in the human. 
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A number of reports have appeared in the recent literature 
that concern nucleotides and amino acids or peptides combined 
by covalent linkage. Many of the compounds described can 
be placed into one of four generally recognized classes. 

1. Nucleotide-peptide compounds of the amide type isolated 
from penicillin-treated Staphylococcus aureus by Park (2). The 
structure and biochemical formation has since been more 
fully elucidated (3, 4). This class of compounds is com- 
posed of various peptide derivatives of UDP-3-O-lactic acid 
ether of N-acetylglucosamine which are precursors of UDP- 
GNAc-lactyl-L- Ala-p-Glu-L-Lys-p-Ala-p-Ala. In these com- 
pounds, the linkage of the nucleotidic and peptidic moieties is 
an amide involving the carboxyl group of the UDP-GNAc- 
lactic ether and the amino group of L-alanine, the amino-terminal 
amino acid of the peptide. A similar compound in which di- 
aminopimelic acid replaces L-lysine has also been reported (5). 
These compounds are thought to be involved in the synthesis 
of the bacterial cell wall (6). 

2. Nucleotides composed of a sulfur-containing amino acid 
and 5’-deoxyadenosine which are chemically combined as 
thioethers or S-substituted thioethers. Representative com- 
pounds of these types are S-adenosylhomocysteine, S-adenosyl- 
ethionine, and S-adenosylmethionine. The latter compound, 
which was isolated by Cantoni (7), is biologically important in 
the formation of spermidine and functions as a methyl! donor. 

3. Nucleotides composed of individual amino acids and 5’- 
adenylic acid in an anhydride linkage (8). In this case, the 
amino acid and the nucleotide are combined via a mixed carboxy]- 
phosphate anhydride bond. These compounds, which normally 
are enzyme-bound, are believed to represent an initial product 
of amino acid activation required for protein synthesis. 

4. Nucleotide amino acid ester complexes composed of an 
amino acid and soluble ribonucleic acid (9). The ester linkage 
in soluble RNA-amino acid compounds appears to involve the 
carboxyl group of the amino acid and either the 2’ or 3’ hydroxyl 
group of the terminal nucleotide of the soluble RNA (10). Such 
compounds appear to be intermediates in the synthesis of pro- 
tein that lie between amino acid activation and peptide bond 
formation. 

Other reports have appeared in the literature that concern 


* Michigan Agricultural Experiment Station Journal Article No. 
2684. A preliminary report of these results was made at the 44th 
Annual Meeting of the Federation of American Societies for 
Experimental Biology, April, 1960 (1). 

t The studies reported in this paper were taken from a thesis 
submitted by this author to the Graduate School of Michigan State 
University, in September 1960, in partial fulfillment of the require- 
ments for the degree of Doctor of Philosophy. 

t Present address, Institute for Enzyme Research, University of 
Wisconsin, Madison, Wisconsin. 
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the detection of nucleotide-peptide complexes which do not 
appear to be members of the above chemically defined groups. 
They are diversified, but apparently have one general feature in 
common, namely, some type of nucleotide-amino acid or nucleo- 
tide-peptide association. Such compounds have been obtained 
from fish (11), algae (12-15), yeasts (12-21), bacteria (21-25), 
fungi (25, 26), spores (21), and mammalian tissue (19, 25, 27-31). 
Although no evidence that concerns the nature of the nucleotide- 
peptide linkage has been reported in many of the papers cited 
above, Koningsberger et al. (16), Dirheimer et al. (25), and 
Szafranski et al. (29) have observed the formation of peptide 
hydroxamates after reacting nucleotide-peptide preparations 
with hydroxylamine, and Weinstein et al. (31) have obtained 
nucleotide-peptide preparations from rat liver which are cleaved 
by treatment with aqueous hydrazine to form hydrazides of 
peptides, thereby indicating covalently linked nucleotide-pep- 
tides. The question of the biochemical function of the above 
nucleotide-peptides has not yet been answered. 

The present report concerns the isolation and identification of 
a new nucleotide-peptide obtained from bovine liver. 


EXPERIMENTAL PROCEDURE 


The method of isolation of the nucleotide-peptide is described 
in detail under ‘Results’ but the various procedures for ex- 
amination of the whole molecule or its components are outlined 
below. The paper chromatographic systems which have been 
used to indicate the homogeniety of the nucleotide-peptide are: 
(a) isobutyric acid-H,O-NH,OH (66:33:1, all by volume), 
(32), (6) 95% ethanol-1 M ammonium acetate, pH 3.8 (7.5:3, 
volume for volume) (33), and (c) isobutyric acid-1 N NH,OH- 
EDTA! (100:60:1.6, volume, volume, weight) (24). The 
paper electrophoretic conditions of Wade and Morgan (34) were 
used, with the use of either 0.5 m butyrate buffer, pH 3.2 (5 
hours), or a 0.05 m citrate buffer, pH 4.5 (6 hours). In both 
cases the voltage was maintained between 300 and 350 volts at 
a temperature of 0-5°. The nucleotide-peptide was detected 
on chromatograms by its ultraviolet absorption with the use of 
a Mineralight lamp, model SL 2537, and by its reactivity with 
ninhydrin. The spray used was a 2% ninhydrin solution in 
ethanol, collidine, and water (90:5:5, by volume). Photographs 
of ultraviolet-absorbing spots on paper chromatograms were 
made from contact prints prepared by the following modification 
of the procedure of Markham and Smith (35). The chromato- 
gram was placed over a sheet of Kodagraph Contact Standard 
paper, emulsion side up, and held in place by a thin sheet of 
polyethylene. The contact paper was then exposed to ultraviolet 
radiation for several seconds with the use of the source described 


1The abbreviations used are: EDTA, ethylenediaminetetra- 
acetate; DNP, the 2,4-dinitropheny] radical. 
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Fic. 1. Chromatography of bovine liver acid-soluble nucleo- 
tides on a Dowex 1-formate resin column. The separation 
shown represents the nucleotides obtained from 50 g of bovine 
liver. FA is formic acid and AmF is ammonium formate. For 
details see text. 
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Fic. 2. Chromatography of the partially purified nucleotide- 
peptide ona second Dowex 1-formate resin column. The nucleo- 
tide-peptide was present in Peak 3. AmF is ammonium formate: 
For details see text. 


above.?, Compounds that contained phosphate were detected 
on paper chromatograms with the use of the reagents of Hanes 
and Isherwood (36) and the modified detection procedure of 
Bandurski and Axelrod (37). Compounds which react with 
periodate were detected on paper chromatograms by use of the 
method of Gordon et al. (38). 

An extinction coefficient of 15.4 at pH 7 (32) was used to 
estimate adenosine nucleotide concentration at 259 mp. Pentose 
was determined by the procedure of Mejbaum (39), phosphorus 
by the method of Fiske and SubbaRow (40), and ninhydrin amino 
equivalents were determined according to Moore and Stein (41). 
Hexosamine determinations were performed with the use of a 
modified Elson-Morgan reaction (42). Hydroxamate reactions 
were performed by use of the methods of Lipmann and Tuttle 
(43), as well as the reaction conditions described by Raacke (44) 
in conjunction with the quantitative procedure of Schweet (45). 

Amino acids were liberated from the peptidic moiety of the 
nucleotide-peptide by hydrolysis in 6 N HCl at 100-105° for 17 
hours in a glass-stoppered tube. They were identified by two- 
dimensional paper chromatography with the use of water- 
saturated phenol followed by the butanol-propionic acid-water 
solvent of Flavin and Anfinsin (46), and were detected by use of 
the polychromatic ninhydrin spray of Moffat and Lytle (47). 
DNP derivatives of the amino acids liberated by the above 
hydrolysis were prepared by the general procedures described by 


2 The procedure described was suggested by Dr. David S. Fein- 
gold, personal communication. 
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Fraenkel-Conrat et al. (48). After removal of most of the 
dinitrophenol by vacuum sublimation (49), the residue was 
made 1 N with respect to HC]. The DNP derivatives were then 
separated into ether-extractable and ether-nonextractable frac- 
tions before they were submitted to paper chromatography. 
The DNP-amino acids were identified by two-dimensional paper 
chromatography on phthalate-buffered paper with tert-amy| 
alcohol saturated with 0.05 m phthalate, pH 6.0 (50), followed 
by 1.5 m sodium phosphate, pH 6.0 (51). Authentic DNP 
derivatives of amino acids were prepared (48) or obtained from 
California Corporation for Biochemical Research. 

Crotalus atrox venom was obtained from Ross Allen’s Reptile 
Institute, Silver Springs, Florida, and was used as a source of 
5’-nucleotidase (52). Rye grass 3’-nucleotidase was purified 
through Step 2 of the method of Shuster and Kaplan (53), 
Since difficulties were experienced in the succeeding steps that 
used calcium phosphate and alumina Cy gels, an alternative 
purification was used. The enzyme from Step 2 above was 
chromatographed on a DEAE-cellulose column with the use of 
the elution system previously described by Maxwell and de 
Robichon-Szulmajster (54) for the purification of UDP-Gal-4- 
epimerase. This yielded a preparation with a specific activity 
(53) of approximately 220 that was used in experiments described 
below. 

3’,5’-ADP was prepared from CoA according to the proce- 
dure described by Wang et al. (55). 


RESULTS 


Bovine Liver N ucleotides 


Bovine liver from freshly slaughtered animals was obtained 
from a local abattoir. The tissue was cut into small pieces and 
frozen with Dry Ice for transportation to the laboratory. The 
frozen tissue was placed in 2 volumes of cold 0.6 N perchloric 
acid and, after the solution had warmed to —5°, the mixture 
was homogenized in a Waring Blendor. The extract was 
adjusted to pH 5 to 6 with 5 N potassium hydroxide and the 
potassium perchlorate which precipitated was removed by 
filtration. The filtrate was chromatographed on Dowex 1- 
formate resin by the use of a formic acid-ammonium formate 
gradient elution system similar to that of Hurlbert e¢ al. (56). 
The separation of bovine liver nucleotides from 50 g of liver 
which were chromatographed on a column (2.3 cm X 34 cm) 
of Dowex 1-formate is shown in Fig. 1. The mixing flask orig- 
inally contained 1000 ml of water. The eluting solutions which 
were run into the mixing flask before delivery to the resin column 
were: (a) 150 ml of water, (6) 2500 ml of 4 m formic acid, (c) 
2500 ml of 4 m formic acid plus 0.2 mM ammonium formate, and 
(d) 2500 ml of 4 m formic acid plus 0.4 mM ammonium formate in 
that order. Approximately 18 ml fractions were collected. 

The major component of several of the peaks shown in Fig. 1 


has been tentatively identified by absorption spectrum, pentose, 


and phosphorus content, and by paper chromatography in 
isobutyric acid-HxO-NH,OH. In general, the elution pattern 
of bovine liver nucleotides is qualitatively similar to those 
previously reported for rat liver (56) and chicken liver (57). 


Isolation and Purification of Nucleotide-Peptide 


For the isolation of the nucleotide-peptide, large columns 
were used. Extract from approximately 450 g of liver was 
placed on a Dowex 1-formate resin column (5 cm X 55 cm). 
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A 5000-ml mixing flask which was initially filled with water 
was used. The elution was begun with 4 m formic acid in the 
reservoir and continued until the ADP peak was reached (usu- 
ally 10 to 12 liters of effluent). Then 4 m formic acid plus 0.2 
mM ammonium formate was added until the nucleotide-peptide 
peak was eluted (usually 3 to 5 liters). In practice, collection 
of fractions of approximately 100-ml volume was begun after 
several liters of effluent had passed through the column. The 
effluent from appropriate tubes was combined and the nucleo- 
tides were adsorbed on charcoal and then eluted with 15% 
aqueous pyridine (58). After extraction of the pyridine with 
chloroform, the aqueous layer that contained the nucleotides 
was lyophilized. 

The lyophilized nucleotides from the nucleotide-peptide peak 
from approximately 450 g of liver were next placed on a Dowex 1- 
formate resin column (1.8 em X 40 cm) (Fig. 2). The eluants 
were passed from a reservoir through a 500-ml mixing flask 
which contained water initially. Eluants were: (a) 200 ml of 
water, (b) 250 ml of 1 M ammonium formate, and (c) 1000 ml 
of 2 M ammonium formate. This chromatographic procedure 
eliminated almost all of a yellow material (presumably flavin) 
as well as some other ultraviolet-absorbing contaminants (Peaks 
1 and 2, Fig. 2). 

Although the nucleotide-peptide located in Peak 3 of Fig. 2 
was not pure at this stage, it could be separated from the re- 
maining contaminants by preparative paper chromatography. 
All of the fractions that comprised Peak 3 (e.g. Fractions 77 to 
125) were pooled and then adsorbed and eluted from charcoal 
as described above. The lyophilized nucleotides were dissolved 
in a small quantity of water and applied to Whatman No. 3MM 
paper in a narrow band. The separation of the nucleotides 
was achieved in 24 hours with the use of solvent a (“‘Experimental 
Procedure’) (Fig. 3). After location of the nucleotide-peptide by 
its ultraviolet absorption, and by its positive reaction with nin- 
hydrin (with the use of a small strip of the chromatogram), the 
compound was eluted from the paper with cold water (0-5°). 
Occasionally it was necessary to rechromatograph the nucleotide- 
peptide to remove traces of a slower-moving compound which 
absorbed ultraviolet light but did not react with ninhydrin. 
The nucleotide-peptide either was used directly after elution 
from the chromatogram or was adjusted to pH 2 to 2.5, extracted 
with ether to remove traces of isobutyric acid, and then read- 
justed to pH 5 to 6 before further use. From 1 kg of liver, the 
above procedure usually yielded approximately 8 to 10 umoles 
of nucleotide-peptide as determined by its adenosine content. 


Homogeneity of Purified Nucleotide-Peptide 


Two properties of the molecule, ultraviolet absorption and 
reaction with ninhydrin, were found to exactly coincide in three 
paper chromatographic and two paper electrophoretic systems 
(“Experimental Procedure’). The relative mobility of the nu- 
cleotide-peptide compared to AMP or ATP in all five systems is 
given in Table I. The homogeneity of the nucleotide-peptide 
during paper chromatography and electrophoresis, in addition to 
the coincidental migration of ultraviolet absorbancy and positive 
reaction with ninhydrin during two different anion exchange 
chromatographic procedures, as well as adsorption and elution 
from charcoal, indicate that the nucleotidic and peptidic moieties 
do not occur in a fortuitous association, but rather in chemical 
combination. | 


Because chromatography in the isobutyric acid-H,O-NH,OH 
solvent yielded the best resolution of standards and gave more 
compact spots than the other systems, it was used for all further 
chromatographic studies. 


ADP 


3 


Fic. 3. Preparative paper chromatography of the nucleotide- 
peptide. The nucleotides from Peak 3 of the second resin column 
(Fig. 2) were chromatographed on Whatman No. 3MM paper for 
24 hours, with isobutyric acid-H2O-NH,OH (66:33:1). Part A is 
a photograph that shows ultraviolet-absorbing compounds and 
Part B shows the same chromatogram after treatment with nin- 
hydrin. ATP, ADP, and AMP standards are in Column 1. The 
nucleotides from Peak 3 are in Column 2. 
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TABLE I 


Paper chromatographic and electrophoretic mobility of 
nucleotide -peptide 


Paper chromatographic systems 
(a) Isobutyrie acid-H2O-NH,sOH (66:33:1).... 0.61 
(b) 95°% ethanol-1 mM ammonium acetate, pH 3.8 | 

(c) Isobutyrie acid-1 NH,OH-EDTA (100:60: 

Paper electrophoretic systems* 


* See ‘‘Experimental Procedure”’ for experimental details. 


TaB.LeE II 
Molar ratios of nucleotide-peptide components 


Phosphate | 
Ninhydrin amino equivalents | 


* This value represents an average from four preparations of 
nucleotide-peptide. All others represent an average from three 
preparations of nucleotide-peptide. 
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Fic. 4. Chromatography of the amino acids obtained from the 
nucleotide-peptide. The nucleotide-peptide was hydrolyzed in 6 
N HCI at 105° for 17 hours and chromatographed on Whatman No. 
1 paper. For details see text. 


Components of Nucleotide-Peptide 


The nucleotide moiety of the nucleotide-peptide has an ab- 
sorption spectrum similar to that of adenosine at pH 2 and 
pH 7. It exhibits the typical absorption shifts of adenosine 
derivatives with change in pH. In addition, after hydrolysis 
in 1 N HC! for 1 hour at 100° followed by chromatography in 
solvent a (“Experimental Procedure’’), only one ultraviolet-ab- 
sorbing compound could be detected; it had the mobility of 
adenine. 
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The quantity of the other components of the nucleotide- 
peptide relative to its adenosine content is shown in Table II, 
The compound contains 1 mole of pentose per mole of adenosine 
as determined by the orcinol reaction (39). Three moles of 
total organic phosphate (40) per mole of base are present. This 
organic phosphate is relatively stable to acid hydrolysis as treat- 
ment with 1 N H.SO, for 10 minutes at 100° released only 0.2 
mole of inorganic phosphorus per mole of compound. This 
small quantity of phosphate released by dilute acid is suggestive 
of 2’ or 3’ phosphate substitution on the pentose. 

The positive reaction with ninhydrin indicates the presence 
of amino acids or a peptide. The ninhydrin amino equivalents 
were determined before and after acid hydrolysis (6 N HCl, 
105°, 17 hours) to distinguish between these two possibilities, 
Before acid hydrolysis, approximately 1 mole of ninhydrin 
amino equivalent per mole of base was observed, and after hy- 


drolysis this number increased to between 5 and 6, which sug- | 


gested that a peptide is linked to the adenosine nucleotide. The 
compound gave no test for hexosamine after hydrolysis for 2 
hours in 2 N HCI at 100° as determined by the modified Elson- 
Morgan hexosamine test (42). 


Qualitative Amino Acid Content of Peptide 


The nucleotide-peptide was hydrolyzed with acid (6 N HCl, 
105°, 17 hours) and the amino acid hydrochlorides were chro- 
matographed and detected as indicated previously. The amino 
acids, glycine, glutamic acid, 6-alanine, cysteic acid, and taurine 
were tentatively identified at this stage by their relative mo- 
bilities on chromatograms (Fig. 4). That the observed glycine 
was not derived solely from the adenine moiety of the nucleo- 
tide-peptide during hydrolysis was indicated by control experi- 
ments in which considerably more glycine was released from 
the nucleotide-peptide than the trace amounts liberated from 
an equivalent amount of adenosine. In addition, an unidentified 
ninhydrin-positive compound with a mobility similar to serine 
was detected. This component is not serine since it does not 
cochromatograph with radioactive serine. 
paper chromatographic behavior appears to eliminate 6-hy- 
droxylysine, 2,4-diaminobutyric acid, a-e-diaminopimelic acid, 
y-methylene glutamic acid, and agmatine, as well as all of the 
common amino acids. 

For a more positive identification of the amino acids, a portion 
of an acid hydrolysate was used to prepare DNP derivatives 
(48) which were then separated into ether-extractable and ether- 
nonextractable fractions. Fig. 5 shows the results of chroma- 
tographing these two fractions. The presence of the DNP 
derivatives of glutamic acid, glycine, and B-alanine in the ether- 
extractable fraction, and the presence of the DNP derivatives 
of taurine and cysteic acid in the ether-nonextractable fraction is 


consistent with the expected solubilities of these compounds (48). 


No DNP derivative of the unknown was detected. This finding 
remains unexplained; however, the possibility exists that the 
DNP derivative of the unknown is inseparable from one of the 
other DNP derivatives or dinitrophenol in the chromatographic 
ystsem used. Some dinitrophenol was still present despite 
attempts to remove it by vacuum sublimation. In addition 


to their mobility on chromatograms as amino acid hydrochlorides 
and DNP derivatives, glycine and glutamic acid have been co- 
chromatographed with radioactive standards and glycine and 
B-alanine have been indicated by the unique colors which they 
produce with the polvchromatic ninhydrin spray used (47). 
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Amino-terminal Amino Acid of Peptide 


The observation that the nucleotide-peptide contains only 
1 mole of ninhydrin amino equivalent indicates a free amino- 
terminal amino acid. To identify this, the nucleotide-peptide 
was treated with 1-fluoro-2,4-dinitrobenzene and the DNP 
derivative formed was hydrolyzed with acid (6 N HCl, 105°, 
12 hours). After removal of the HCl in a vacuum, the residue 
was suspended in 1 N HCl and extracted with ether. Both the 
ether extract and the aqueous acid layer were concentrated and 
chromatographed two-dimensionally. Only DNP-glutamic acid 
was detected. 


Locations of Phosphate Groups 


When the nucleotide-peptide was subjected to the action of 
rye grass 3’-nucleotidase, approximately 1 mole of inorganic 
phosphate per mole of compound was released (Table III) which 
indicated that one of the three phosphate moieties is linked to 
the 3’ hydroxyl of the pentose. As expected, in a control ex- 
periment almost no liberation of inorganic phosphate from 
either 2’-AMP or 5’-AMP was observed with the 3’-nucleotidase 
preparation. 

The nucleotide-peptide also has been preincubated with 3’- 
nucleotidase followed by incubation with Crotalus atrox venom 
which contains 5/-nucleotidase activity (52). This treatment 
liberated 2 moles of inorganic phosphate per mole of compound 
(Table III) and indicates that a second phosphate is esterified 
with the 5’ hydroxyl of the pentose. Incubation of the com- 
pound with the 5’-nucleotidase preparation alone only released 
a negligible quantity of inorganic phosphate. This finding is 
in accord with the specificity of the 5’-nucleotidase of Crotalus 
adamanteus, i.e. it hydrolyzes the 5’ phosphate of a nucleotide 
monophosphate but shows no activity with nucleotide 2’ ,5’- 
or 3’,5’-diphosphates (55). 

Paper chromatographic evidence was obtained which con- 
firms the above enzymatic finding which indicates that the 
nucleotide-peptide contains a 3’,5’-adenosine diphosphate moi- 
ety. It has been observed that treating the nucleotide-peptide 
with 0.01 Nn KOH at room temperature for 20 minutes followed 
by lyophilization without first neutralizing the sample caused a 
cleavage of the nucleotide-peptide. When the products of this 
reaction were chromatographed in solvent a, a compound with 
the mobility of 3’,5’-adenosine diphosphate was detected. Fur- 
thermore, when the products of the reaction of the nucleotide- 
peptide with 3’-nucleotidase or with 3’-nucleotidase followed 
by 5’-nucleotidase were treated with 0.01 n KOH as described 
above and then chromatographed, compounds having the mo- 
bility of 5‘-AMP and adenosine, respectively, were detected. 

The enzymatic and paper chromatographic experiments de- 
scribed above conclusively demonstrate the presence of a 3’,5’- 
adenosine diphosphate moiety in the nucleotide-peptide. The 
position of the third phosphate has not as yet been ascertained; 
however, it may be linked to the peptidic moiety of the molecule. 


Retention of Integrity of Nucleotide-Peptide Linkage 
During Treatment with 3'-N ucleotidase 


It was demonstrated above that 3’-nucleotidase cleaves the 
3’ phosphate group from the nucleotide-peptide. Chromatog- 
raphy of the products of such a reaction in solvent a, 
followed by the detection of phosphorus (36, 37), the ultravio- 
let absorption, and ninhydrin reactivity indicates the presence 
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DONP-cysteic acid | 
DNP-glutamic acid = 
a 
ONP-B-alonine 
ONP- taurine 2 

dinitrophenol 
ONP-glycine = 
2 
origin ® Origine 


tert-Amy! Alcohol: 0,05 M Phthalate pH 60 

A B 

Fic. 5. Chromatography of the DNP derivatives of the amino 
acids from the nucleotide-peptide. Chromatogram A represents 
the DNP-amino acids extractable from 1 N HCl by ether. Chro- 
matogram B represents the DNP-amino acids not extractable from 
1 N HCl by ether. Standard DNP-amino acids were chromato- 
graphed on the edge of the chromatograms in each dimension to 
aid in the identification of the DNP derivatives from the samples. 
For details see text. 


TABLE III 


Cleavage of inorganic phosphate from nucleotide-peptide by 
3’- and 5’-nucleotidases 


Type of nucleotidase used* 


Compound 


5’ 3’ and 5’ 


umoles inorganic phosphate released 
per pmole of compound 


Nucleotide-peptidet............ 0.92 0.13 1.93 


* Rye grass 3’-nucleotidase and Crotalus atroz 5’-nucleotidase 
were used. 

t Average of four experiments with the use of three prepara- 
tions of the nucleotide-peptide. 


of only two major reaction products, namely, inorganic phos- 
phate (Ramp = 0.54 compared to Ramp = 0.54 for authen- 
tic inorganic phosphate) and presumably 3’-dephospho nucleo- 
tide-peptide (Ramp = 0.79 compared to Rayp = 0.60 for 
the untreated nucleotide-peptide). Since the 3’-dephospho 
nucleotide-peptide retained the properties of reaction with both 
phosphorus and ninhydrin reagents, as well as absorption of 
ultraviolet light, although its mobility was considerably changed 
from the parent nucleotide-peptide, it is concluded that the new 
compound retained the nucleotide-peptide linkage intact. 


Nature of Nucleotide-Peptide Linkage 


Although the nature of the nucleotide-peptide linkage has 
not been unequivocally established, several possibilities have 
been eliminated. Since the absorption spectrum is similar to 
that of adenosine, a combination of the peptide with the amino 
group of the adenine moiety appears to be unlikely as such 
substitutions generally lead to a shift in the absorption max- 
imum to a longer wave length (59). 

The possibility that the linkage is a carboxyl-phosphate an- 
hydride analogous to the amino acid adenylates was tested with 
the use of the procedure of Lipmann and Tuttle (43), in which 
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case such anhydrides are rapidly cleaved to produce the corre- 
sponding hydroxamic acid of the carboxyl function. Under 
these conditions, essentially no hydroxamic acid could be de- 
tected; therefore, a carboxyl-phosphate anhydride that involves 
either the 3’ or 5’ phosphate of the adenosine-3’ ,5’-diphosphate 
nucleotide moiety seems unlikely. 

The nucleotide-peptide was tested to determine whether the 
linkage might be an ester analogous to the soluble RNA-amino 
acid complexes by the use of the hydroxylamine reaction under 
conditions in which esters are cleaved to yield a hydroxamic acid 
of the carboxyl function (44). A small positive reaction was 
observed, but the magnitude of the reaction was approximately 
0.25 mole or less of hydroxamate per mole of nucleotide-peptide, 
compared to authentic glycine hydroxamic acid. This reaction 
is consistent with a nucleotide-peptide ester linkage at the 2’ 
hydroxy! position of the nucleotide, since it has been reported 
that the rate of reaction with hydroxylamine is dependent on 
the nature of both the alcohol and the amino acid moieties of 
the ester (44), and that different amino acid hydroxamates give 
different color intensities with the ferric chloride reagent (45). 
This possibility seemed to be eliminated by alkali stability data 
and the reaction with periodate described below. 

It has been demonstrated previously that the ester linkage 
of soluble RNA-amino acid esters is completely hydrolyzed by 
treatment with 0.01 Nn KOH for 20 minutes (9) or less (60) at room 
temperature. After incubation of the nucleotide-peptide under 
these conditions for 20 minutes followed by neutralization, lyo- 
philization, and chromatography in solvent a, all detectable ul- 
traviolet absorption and ninhydrin reactivity remained coincident 
at Raup = 0.61, which indicated no cleavage of the nucleotide- 
peptide linkage. 

If the 3’ phosphate group were selectively removed from the 
nucleotide-peptide, then the possibility of substitution of the 2’ 
hydroxyl could be determined by periodate reactivity of the 
3’-dephosphorylated compound. A negative periodate reaction 
would indicate 2’ hydroxy! substitution and a positive periodate 
reaction would indicate no 2’ hydroxyl substitution. This type 
of experiment has been performed successfully by removal of 
the 3’ phosphate substituent with 3’-nucleotidase as discussed 
above. As expected, the untreated nucleotide-peptide did not 
react with periodate (38) but the 3’-dephospho nucleotide-pep- 
tide did react with periodate, which indicated that the 2’ hy- 
droxy] is not substituted. 

Since reaction with 3’-nucleotidase cleaves the 3’ phosphate 
group but apparently leaves the nucleotide-peptide linkage in- 
tact, it seems highly unlikely that the nucleotide-peptide linkage 
involves the phosphate group at the 3’ position. If this is true, 
the only possible nucleotide-peptide linkage that remains would 
appear to include the 5’ phosphate group of the nucleotide. 
From the known components of the peptide, only the following 
linkages are readily apparent possibilities: 

(a) Carboxyl-phosphate anhydride 

O O 


n—b—o—b—o_R’ 
On 
(6) S-alkyl phosphosulfonic acid anhydride 
O 
_o—b-o-R’ 
On 


O 
R—S 
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(c) N-alkyl phosphoramidate 
H O 
OH 


(d) O,O’-substituted pyrophosphate (involves the third phos- 
phate group whose position has not been definitely established) 


O 
| | 
OH OH 


In a, b, c, and d, R denotes an amino acid component of the 
peptide, and R’ the 3’-phospho-5’-deoxyribosyladenine rad- 
ical. 

Of these four possibilities, the first seems unlikely on the basis 
of the hydroxamate experiments described above. Although 
direct evidence either for or against the other three possibilities 
has not been obtained, the acid-stability of the nucleotide-peptide 
compared with the acid lability of phosphosulfate and _phos- 
phoamide compounds deserves some comment. The _ nucleo- 
tide-peptide linkage appears to be stable to treatment with 0.1 
N acid for 30 minutes at 37° since all detectable ultraviolet ab- 
sorption and ninhydrin reactivity was coincident at Ramp = 
0.57 after acid treatment. In contrast to the relative acid 
stability of the nucleotide-peptide linkage, it has been reported 
that the phosphosulfate anhydride bond of adenosine-3’-phos- 
phate-5’-phosphosulfate is completely hydrolyzed in 30 minutes 
in 0.1 N acid at 37° (61), and that the half-life of creatine phos- 
phate at room temperature in 0.5 N acid is 4 minutes (62). Al- 
though the S-alkyl phosphosulfonic acid anhydride (6) and N- 
alkyl phosphoramidate (c) linkages suggested above as _ the 
possible nucleotide-peptide linkage are not entirely analogous 
to adenosine-3’-phosphate-5’-phosphosulfate and creatine phos- 


phate, respectively, they are similar enough structurally to an- — 


ticipate that their acid labilities might be comparable. On the 
assumption that this is true, it might be expected that the nv- 
cleotide-peptide would be entirely or at least partially hydrolyzed 
under the above acid treatment, if it contained either of the 
suggested linkages (b and c). Since the nucleotide-peptide 
was stable to this acid treatment, a substituted pyrophosphate 
(d) appears somewhat more attractive than either an S-alky! 
phosphosulfonic acid anhydride (6) or an N-alkyl phosphor- 
amidate (c), although the latter two possibilities cannot definitely 
be eliminated. 


DISCUSSION 


The adenosine nucleotide-peptide described seems to be rather 
unique. Although much is known about the compound, its 
function is not readily apparent from its composition. The 
nature of the nucleotide-peptide linkage appears to be dissimilar 
to that of the amino acid adenylates or soluble RNA-amino acid 
derivatives which are intermediates in protein synthesis. In 
addition, at least three of the amino acids found in the peptidic 
moiety of the compound are not generally recognized as protein 
constituents. Although these two factors do not eliminate 


the possibility that the nucleotide-peptide functions in some 
unrecognized phase of protein synthesis, this possibility is rela- 
tively unattractive at present. 
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Although direct evidence that the peptide is a phosphopeptide 
that involves the third phosphate group of the nucleotide-peptide 
has not been obtained, the data indicate a phosphopeptide since 
all of the other possible positions of substitution have apparently 
been accounted for. On the assumption that this is true, the 
possible linkages of this phosphate group can be examined. 
The possibilities of a carboxyl-phosphate anhydride, phospho- 
sulfonic acid anhydride, or a phosphoamide linkage is extremely 
unlikely because of their acid lability compared to the relatively 
acid-stable phosphate groups of the nucleotide-peptide. Only 
about 0.2 mole of inorganic phosphate is liberated from the 
nucleotide-peptide during hydrolysis in 1 N acid for 10 minutes 
at 100°. Acetyl phosphate (63) which contains a carboxyl- 
phosphate anhydride bond, creatine phosphate (62) which con- 
tains a phosphoamide bond, and adenosine-3’-phosphate-5’- 
phosphosulfate would be completely hydrolyzed under these 
conditions. Presumably, a phosphosulfonic acid anhydride 


which is structurally similar to the phosphosulfate linkage of 


adenosine-3’-phosphate-5’-phosphosulfate would also be com- 
pletely hydrolyzed under these conditions. If these assumptions 
are correct, a relatively acid-stable phosphate group such as an 
ester of a hydroxyamino acid must be considered. Although 
none of the known amino acids of the nucleotide-peptide is a 
hydroxyamino acid, the unidentified ninhydrin reactive com- 
ponent may contain a hydroxyl group. Little can be said about 
the identity of this component except that it appears not to be 
any of the common amino acids or any of the more rare amino 
acids which were tested. 

Aside from conclusive evidence that concerns the nature of 
the nucleotide-peptide linkage, the position of the third phos- 
phate group, and the identification of the sixth ninhydrin reactive 
component of the peptide, it would be interesting to know the 
sequence and configuration of the amino acids in the peptide. 
Some progress has been made that concerns the latter problem, 
that is, it has been established that glutamic acid is the amino- 
terminal residue. Definition of the function of the nucleotide- 
peptide as well as completion of its characterization must await 
further experimentation. 


SUMMARY 


A new nucleotide-peptide has been isolated from bovine liver. 
It is a 3’,5’-adenosine diphosphate-peptide derivative which 
also contains a third phosphate group presumably on the peptide. 
The peptide consists of glutamic acid, glycine, B-alanine, cysteic 
acid, taurine, and, as yet, an unidentified ninhydrin-positive 
component. The amino-terminal amino acid of the peptide is 
glutamic acid. The nature of the nucleotide-peptide linkage is 
discussed. 
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It is widely accepted that urea and guanidine act as protein 
denaturants by breaking intramolecular hydrogen bonds (1). 
Loss of catalytic activity in the presence of urea is thought to 
occur by elimination of bonds contributing to the tertiary struc- 
ture of enzyme molecules. Subsequent restoration of structural 
and catalytic properties by removal of the denaturant, “‘re- 
versible denaturation,” is usually interpreted as evidence of the 
reformation of the ruptured hydrogen bonds. 

Although there exists a large literature describing denaturation 
of enzymes by urea, there have been few kinetic analyses of the 
reversible inhibition of enzyme activity at relatively low levels of 
urea. Although ribonuclease activity appears to be unaffected 
in 8 M urea (2), ithas been shown that the ribonuclease molecule 
is actually extensively unfolded in such solutions, but the process 
is reversed by its substrate, ribonucleic acid (or other polyanions), 
so that there is no apparent influence on the enzymatic activity 
of the molecule (3). Pepsin (4) and carboxypeptidase (5) have 
been shown to retain their activity at relatively high urea con- 
centrations. Reversible inactivation of trypsin (6), lysozyme 
(7), invertase (8), Cypridina luciferase (9), and phosphogluco- 
mutase (10) by urea has been reported, whereas chymotrypsin 
(6) and aldolase (11) have been seen only to undergo irreversible 
inactivation in urea solution. Hill, Schwartz, and Smith (12) 
have studied the effect of relatively low concentrations of urea 
on the activity of papain; their data indicate that, with a-ben- 
oyl-L-argininamide as substrate, urea competitively inhibited 
papain. 

The present studies have demonstrated that in the presence 
of low concentrations of urea, milk xanthine oxidase exhibits an 
immediate inhibition which is readily reversed by dilution. 
Kinetic analysis revealed that urea serves as a formally competi- 
tive inhibitor of this enzyme. 

Twenty-one diverse enzymes have been similarly tested for 
their susceptibility to inhibition by urea and the nature of the 
inhibition characterized in each case. The results have revealed 
interesting differences in patterns of urea inhibition and are con- 
sidered to bear on the mechanism of formation of the enzyme- 
substrate complex in each case. The competitive inhibition of 
enzymes by urea has been studied under different conditions in an 
effort further to understand the significance of the inhibition. 


EXPERIMENTAL PROCEDURE 


Xanthine oxidase, lactic dehydrogenase, histidase, horse- 
radish peroxidase, alkaline phosphatase, acid phosphatase, tyr- 


*These studies were supported, in part, by grant RG-91 from 
the National Institutes of Health, United States Public Health 
Service and by Contract AT-(40-1)-289 between Duke University 
and the United States Atomic Energy Commission. 

fSenior Research Fellow, National Institutes of Health, 
United States Public Health Service. 
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osinase, liver alcohol dehydrogenase, yeast alcohol dehydro- 
genase, uricase, and carboxypeptidase were obtained from 

forthington Biochemical Corporation. The other enzymes 
were prepared as described below. 

Xanthine Oxidase—This enzyme was purified as previously 
described (13). Assays were conducted in 0.05 mM potassium 
phosphate, pH 7.8, containing 0.005% Versene Fe-3!, at 25° un- 
less otherwise specified. Enzyme activity was usually assayed 
according to Kalckar (14) with xanthine as substrate by observ- 
ing the increase in absorbancy at 295 mu. When salicylalde- 
hyde was the substrate, salicylic acid production was estimated 
from the increase in absorbancy at 290 mu. 

Liver Aldehyde Oxidase—A crude preparation from rabbit liver 
was obtained by the procedure of Hurwitz (15). Subsequent 
adsorption and elution from calcium phosphate and alumina 
Cy gels permitted 100-fold purification. The preparation was 
assayed by estimation of pyridone formation, measured at 300 
my, with N-methylnicotinamide as the substrate, and by estima- 
tion of salicylic acid formation, followed at 290 my, when salicyl- 
aldehyde was used as the substrate. The temperature and 
buffer were the same as those used with xanthine oxidase. 

Uricase—Uricase was assayed by following the diminution in 
absorbancy at 290 my as uric acid is oxidized by the enzyme; 
conditions of assay were identical with those for xanthine oxidase. 

Lactic Dehydrogenase—Twice-recrystallized rabbit muscle en- 
zyme was assayed in terms of DPNH oxidation by following 
absorbancy at 340 my in cuvettes with a light path of 10 cm. 
Initial DPNH concentration was 3 x 10-5 m whereas the con- 
centration of pyruvate was varied. All assays were performed 
in phosphate buffer, pH 6.8, at 25°. 

t-Amino Acid Oxidase—This enzyme was prepared from moc- 
casin venom by the method of Singer and Kearney (16) and was 
assayed spectrophotometrically by measuring the change in 
absorbancy at 220 my as the enzyme catalyzed the oxidation of 
L-leucine in 0.13 m Tris-HCl! buffer, pH 7.2, at 25°. 

Histidase—An aqueous extract of lyophilized cells of Pseu- 
domonas fluorescens was used as the enzyme source. Assay of 
enzyme activity was performed by the method of Tabor and 
Mehler (17). 

Tyrosinase—The assay method was based on the increase in 
absorbancy at 280 my when the enzyme acts on L-tyrosine. 
Assays were conducted in 0.17 m potassium phosphate buffer, pH 
6.5, at 25°. The reaction mixture was oxygenated for 3 minutes 
before addition of the enzyme. 

[iver alcohol dehydrogenase was assayed by the method of 
Theorell and Bonnichsen (18), with 1 X 10-3 m DPN and vary- 
ing concentrations of ethanol or cyclohexanol (19). 


1 Purchased from the Bersworth Chemical Company, Framing- 
ham, Massachusetts. 
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Yeast alcohol dehydrogenase was assayed according to Racker 
(20) with 5 X 10-*m DPN and varying levels of ethanol. 

Peroxidase was assayed spectrophotometrically by measuring 
the increase in absorbancy at 460 my when o-dianisidine was 
used as the substrate in 0.01 mM phosphate buffer, pH 6.0. 

Alkaline Phosphatase—lIntestinal alkaline phosphatase was 
assaved spectrophotometrically at 298 my with o-carboxyphenyl 
phosphate as substrate (21) in 0.13 m glycine buffer, pH 9.1, 
containing 3.3 MgCle. 

Acid Phosphatase—The principle and method of assay were 
similar to those for alkaline phosphatase. However, MgCl. was 
omitted from the medium and 0.05 m acetate buffer, pH 5.0, 
was used in place of glycine. 

Hexokinase, obtained from the Sigma Chemical Company, was 
assayed by the method of Crane and Sols (22) with glucose as 
the variable substrate. 

Rhodanese was prepared from fresh beef liver by ammonium 
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Fic. 1. Inhibition of xanthine oxidase by urea. All vessels 
contained 5 X 10-° m xanthine. O——O, assays conducted in 
presence of the indicated concentrations of urea. O——O, after 
5 minutes incubation of enzyme with urea at the indicated levels, 
the enzyme was diluted 30-fold and then assayed. The data 
shown are corrected for the inhibition due to the urea present 
after dilution. A——A, the enzyme was incubated for 60 min- 
utes in the presence of urea at the indicated levels and then di- 
luted 30-fold before assay. Correction for the residual urea was 
again applied. 
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10° MOLARITY OF UREA 
Fic. 2. Competitive inhibition of xanthine oxidase by urea. 
Velocity is presented as the increase in absorbancy per minute at 
295 mu. Left, Lineweaver-Burk plot. Right, Dixon plot with sub- 
strate concentrations decreasing from bottom line to top line. 


sulfate fractionation of a homogenate which had been subjected 
to basic lead acetate treatment (23). The procedure of Sérby 
(24) was used for assay. 


Sulfite-cytochrome c reductase (25) was prepared from dog live | 


by the method developed in this laboratory. It was assayed 
spectrophotometrically by following the change in absorbaney 
at 550 inu when cytochrome c is reduced by the enzyme in preg. 
ence of sulfite, in 0.05 mM potassium phosphate buffer, pH 7.8. 


Uridine diphosphate glucose dehydrogenase, obtained from Dr,” 
E. A. Davidson of this laboratory, was assayed by measuring the H 
increase in absorbancy when DPN is reduced in the presence of i 


uridine diphosphate glucose, in 0.1 M glycine buffer, pH 9.6. 
Cytochrome Oxidase—Two preparations, one made according 
to Smith and Stotz (26) and the other a purified soluble prepara. 


tion (27) generously donated by Dr. D. E. Green, were used — 
Activity assays were performed with p-phenylenediamine 4 _ 


reductant for cytochrome c (28) in 0.1 mM phosphate buffer, pH 
6.0. 

Carboxrypeptidase was assayed with carbobenzoxyglycyl-.- 
phenylalanine as substrate in 0.025 m Tris buffer, pH 7.65, con. 
taining 0.1 mM NaCl. The change in absorbancy at 231 my was 
measured spectrophotometrically (29). 


Hexose 1 ,6-diphosphatase, prepared from beef liver, was ob | 


tained from Dr. W. L. Byrne of this laboratory, and was assayed 
by estimation of the inorganic phosphate liberated from fructose 
1 ,6-diphosphate in 0.05 m Tris-histidine buffer, pH 6.5, at 37°, 
by the Fiske-SubbaRow method (30). 

U'rea—The initial studies with xanthine oxidase were con- 
ducted with reagent grade urea (Mallinckrodt) which had been 
recrystallized from a solution containing Versene Fe-3. Hovw- 
ever, since this precaution proved to be unnecessary, the prac. 
tice was discontinued and subsequent studies were conducted 
with unrecrystallized reagent grade urea. All solutions were 
prepared fresh daily. 


RESULTS 


The reversible denaturation of enzymes by urea is exemplified 
by the effect of urea on xanthine oxidase, shown in Fig. 1. In 
clusion of urea in an assay medium containing 5 X 10°°¥ 
xanthine resulted in an inhibition, the magnitude of which was 
a linear function of urea concentration, up to about 3.0 m urea. 
When brief exposure of the enzyme to urea was followed by 
abrupt diminution of the urea concentration by 30-fold dilution 
before assay, little or no inhibition of enzyme activity was ob- 
served. Thus, whereas 5.0 M urea present in the assay mixture 
caused 86% inhibition of xanthine oxidase, exposure of the en- 
zyme to this level of urea for 5 minutes at 25° followed by dilution 
and assay resulted in no detectable inhibition. Prolonged incv- 
bation of the enzyme with concentrations of urea in excess of 5 
M resulted in irreversible inhibition, the extent of which was 4 
function of the exposure time. Thus, the data in Fig. 1 indicate 
a rapid, reversible inhibition of xanthine oxidase by urea, followed 
by a much slower, irreversible denaturation. It seemed possible 
that the dilution-reversible inhibition could specifically be due to 
an effect of urea at the active site of the enzyme. Accordingly, 
the effect of varying the concentration of xanthine on the extent 
of urea inhibition was investigated. The results are presented 
in Fig. 2. Lineweaver-Burk plots (31) of the data indicate that 
urea is formally competitive with respect to xanthine. The Ki 
for urea, determined by the method of Dixon (32) was found to 
be 0.2 M. 
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The effect of urea on the activity of a number of diverse en- 
zymes was then investigated. These studies indicated that urea 


ean serve as an inhibitor of many enzymes and that the type of 


inhibition is dependent on the enzyme. In general, inhibition 
is of the competitive type with respect to organic substrates but 
is not competitive with those enzymes which catalyze reactions 
involving inorganic substrates. Table I lists the enzymes 
studied for which urea is a competitive inhibitor; K; is shown 
for each case. It is noteworthy that urea appears to be most 
effective as an inhibitor of enzymes acting on larger substrates 


Two of the enzymes studied, milk xanthine oxidase and hepatic 
aldehyde oxidase, can each catalyze the oxidation of two widely 
As shown in Table I, in each in- 
stance the A, for urea is independent of the type of substrate. 


Thus, AK; for urea is 0.2 m when xanthine oxidase is acting on 
either xanthine or salicylaldehyde whereas the A,, values for the 


two substrates differ by two orders of magnitude. Similarly, K; 
was 0.8 M for rabbit liver aldehyde oxidase when oxidizing either 
salicylaldehyde or N!-methylInicotinamide. 

As mentioned earlier, the inhibition by urea of several other 
Fig. 3 shows a repre- 
sentative experiment dealing with the effect of urea on yeast 
inorganic pyrophosphatase. A list of enzymes for which urea 
inhibition is not competitive is presented in Table II. 

It is significant that the enzymes for which urea inhibition is 
not competitive, viz. inorganic pyrophosphatase, sulfite-cyto- 
chrome c reductase, catalase, and rhodanese, all have inorganic 
compounds as substrates. Further, the A; for urea, in the 
instances where it could be determined, is very high. The rather 
low susceptibility of catalase to urea inhibition is indicative of a 
very large K; for this enzyme. The only exceptions to the ob- 
served demarcation between enzymes acting on organic versus 
inorganic substrates were the alcohol dehydrogenases from liver 
and yeast. These were noncompetitively inhibited by urea, in 
such a manner as to lower maximal velocity without affecting 
the apparent A,,. The A, for urea was relatively low in these 
cases, in contrast to the other enzymes in this list. The liver 
enzyme was inhibited essentially to the same extent, whether it 
was oxidizing ethanol or cyclohexanol. 

In view of the similarity of action of urea and guanidinium 
salts as hydrogen-bonding agents, it was of interest to determine 
whether guanidine can also serve as a competitive inhibitor of 
enzymes. Fig. 4 demonstrates competitive inhibition of xan- 
thine oxidase by guanidine at concentrations far lower than those 
required for inhibition by urea. The Dixon plots (32) indicate 
a K; of 0.006 m for guanidine. The effect of guanidine was 
tested on two other enzymes, histidase and tyrosinase, for both 
of which urea is a competitive inhibitor. Guanidine inhibition 
was again of the competitive type in these instances, and, as 
sen in Table III, AK; for guanidine was, in each case, much less 
than that for urea. These data are in conformity with the known 
superiority of guanidine as a protein denaturant. Formamide, 
which is known to denature proteins (2), also inhibits xanthine 
oxidase competitively with -an efficiency slightly less than that 
of urea; K,; for formamide is about 0.35 M. 

Several of the enzymes tested were not inhibited by urea. 
Hexokinase, fructose 1,6-diphosphatase, alkaline phosphatase, 
peroxidase, and cytochrome oxidase retained full activity in the 
presence of 2 M urea. Indeed, the activities of cytochrome 
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TABLE I 
Enzymes competitively inhibited by urea 
Enzyme | Substrate Km Ky 
M M 
Xanthine oxidase Xanthine 3 X 10-* | 0.2 
Xanthine oxidase Salicylaldehyde 8 xX 10°* | 0.2 
Uridine diphosphate Uridine diphosphate | 1.1 K 10-4 | 0.3 
glucose dehydrogen- glucose 
ase 
Lactic dehydrogenase | Pyruvate 4X 10° | 0.6 
Histidase L-Histidine 5.1 | 0.7 
Aldehyde oxidase N’-MethylInicotina- 3 X 10°* | 0.8 
mide 
Aldehyde oxidase Salicylaldehyde 1.5 X 10-4 | 0.8 
L-Amino acid oxidase | L-Leucine 1 X 10-3 | 1.4 
Acid phosphatase o-Carboxyphenyl- 1.1 X 10-4 | 1.5 
phosphate 
Tyrosinase L-Tyrosine 1.7 X 10°* | 1.7 
Uricase Uric acid 3.4 X 10-5 | 2.2 
Carboxypeptidase Carbobenzoxy  gly- 5 X 10°* 3.5 
cyl-L-phenylala- 
nine 
| 
Fic. 3. Inhibition of inorganic pyrophosphatase by urea. Ve- 


locity is calculated as pwmoles of orthophosphate formed in 15 
minutes in 0.02 m veronal-acetate buffer, pH 7.2, at 37°. 


oxidase and of alkaline phosphatase were enhanced somewhat by 


this concentration of urea. 


Effect of Temperature on Urea Inhibition—The competitive 
inhibition by urea of xanthine oxidase, aldehyde oxidase, and 
L-amino acid oxidase was studied at three different temperatures 


The results are presented in Table IV. 


It will be seen that, 


whereas the A,, values for the three enzymes were affected in 
different ways, in each case the K; for urea inhibition decreased 
on lowering the temperature. 

Effect of Glycerol on Inhibition of Enzymes by Urea—When 
xanthine oxidase was assayed at 25° in 0.025 m potassium phos- 
phate buffer, pH 7.8, containing 50% (volume for volume) glyc- 
erol, it was found that inhibition by urea was still formally com- 
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TABLE II 
Enzymes not competitively inhibited by urea 
Enzyme | Substrate Type of inhibition Km K; 
M M 

Alcohol dehydrogenase (liver).............. Ethanol Uncompetitive 8.7 X 10-4 0.35 
Alcohol dehydrogenase (liver).............. Cyclohexanol Uncompetitive 4X 10 0.48 
Alcohol dehydrogenase (yeast).............. Ethanol Uncompetitive 3.3 X 10°? 0.6 
Pyrophosphate Uncompetitive 1.6 X 10-4 4.3 
Sulfite-cytochrome c reductase.............. Sulfite Uncompetitive 2.8 X 1075 7.0 
Cyanide ? 3.8 X 10°? 
Hexose diphosphatase...................... Fructose 1 ,6-diphosphate None 
Alkaline phosphatase....................... o-Carboxyphenyl!phosphate None 
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Fic. 4. Competitive inhibition of xanthine oxidase by guani- 
dine. 


III 
Comparative inhibitory effects of urea and guanidine 


petitive. A; for urea inhibition was the same as in the absence } 


of glycerol, while the K,, increased to 6.8 m 


Effect of Deuterium Oxide on Urea Inhibition of Xanthine | 
Oxidase—The inhibition of xanthine oxidase by urea was studied | 


in a medium of 99.5% deuterium oxide containing 0.05 m phos- 
phate buffer, pH 7.8. Gutfreund and Sturtevant (33) have ob- 
served that, in a 50% D.,O medium, xanthine oxidase activity 
was depressed but that there was no effect on the K,. Similar 


results were obtained in 99.5% of DO in the present study. | 
Further, no change was observed in the K; for urea inhibition, | 


or in the competitive nature of this inhibition. 

Effect of Anions on Urea Inhibition of Xanthine Oxidase—The 
inhibition of xanthine oxidase by urea has been studied in the | 
presence of several anions. KF, KBr, and KCl, at 1 m concen- 
tration, had no effect on enzyme activity nor did they signifi- 
cantly alter the A,, for xanthine. Sulfate was similarly ineffec- 
tive. Acetate, at 1 M, inhibited xanthine oxidase activity by 
nearly 50% in a noncompetitive manner. Thiocyanate, at the 
same level, inhibited the enzyme almost completely. The effect 
of the addition of each of these anions on the urea inhibition of 
xanthine oxidase was then studied. The results are presented 
in Table V. Sulfate has no effect on the competitive inhibition 
of the enzyme by urea. Fluoride, acetate, chloride, bromide, 
and thiocyanate, in increasing order of effectiveness, sensitize the 


Enzyme K; for urea ameiniee eo ogi enzyme to urea inhibition. The inhibition ceases to be purely 
competitive in the presence of several of these anions. Thio- 
as Ki cyanate, at 0.1 M, was nearly as effective as 1.0 m bromide. 
7 dium dodecy] sulfate is a protein denaturant (34) and has been 
shown to inhibit several enzymes (35, 36). A kinetic study of 
TaBLeE IV 
Effect of temperature on K; for urea inhibition 
Km Ky 
Enzyme Substrate 
10° 25° 40° 10° | 25° | 40° 
M M 
Xanthine oxidase............ Xanthine 0.7 2.7 X 10-° 6.7 10-8 0.1* | 0.2 0.35 
Aldehyde oxidase............ N-MethylInicotinamide 3.2 X 10 4.8 X 10-4 5.0 X 10-4 0.4 0.8 1.06 
L-Amino acid oxidase........| L-Leucine 1.25 1073 0.93 X 10-3 0.69 107-3 0.8 1.4 1.55 


* Values at 15°. 
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TaBLE V 
Effect of anions on inhibition of xanthine oxidase by urea 


The anions were added as the appropriate potassium salts at a 
concentration of 1.0 M except for thiocyanate which was present 
at a level of 0.1 m. Urea was present in all experiments at 1.0 
yu. The data shown are the percentage inhibitions of the activity 
in control vessels containing neither urea nor the indicated anions. 
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Inhibition of activity 


Addition Xanthine concentration X 105m | Type of inhibition 
0.45 | 1.35 | 4.05 | 12.1 
% 
61.5 | 46.5 | 26 13 Competitive 
42.3 | 22 16.5 | Competitive 
Fluoride.......... 74.4 | 53.5 Competitive 
Acetate........... 57.5 | 40 28.5 | Noncompetitive 
Chloride.......... 71.9 | 56.5 | 43 Noncompetitive 
Bromide.......... 71.8 | 63.5 | 50 Noncompetitive 
Thiocyanate...... 66.0 | 54.0 | 46.5 | Noncompetitive 
100 
90- 
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Fic. 5. Inhibition of xanthine oxidase by urea in the presence 


of dodecyl] sulfate. 


phate buffer, pH 7.8. 


sodium dodecyl] sulfate. 
sulfate plus 0.5 m urea. 


O——O, control. 


Assays were performed in 0.05 m sodium phos- 
1 X 10°? m 


A——A, 1 X 10-3 m sodium dodecyl 


the inhibition of xanthine oxidase by this detergent showed that 


the inhibition is noncompetitive (Fig. 5). 


However, the inhibi- 


tion of xanthine oxidase by urea is still competitive in the pres- 
ence of sodium dodecyl sulfate, the K; for urea being 0.1 M as 
compared with 0.2 m in the absence of the detergent. The in- 
hibition of tyrosinase by the detergent is also noncompetitive. 
Alkaline phosphatase was not inhibited even at comparatively 
high levels of dodecyl sulfate. 


DISCUSSION 


The present demonstration of the competitive inhibition by 
urea of several enzymes of diverse activities indicates that this 


strate complex. 
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is likely to be a general phenomenon extending to many enzymes 
not investigated in this study. Papain is so inhibited (12), and 
Inagaki (37) has recently presented kinetic data showing com- 
petitive inhibition of glutamic acid dehydrogenase by urea. 
Several enzymes, including glyceraldehyde 3-phosphate dehydro- 
genase (38), penicillinase (39), and ribonuclease (2), have been 
found to be protected by their substrates against inactivation 
by urea, and it seems likely that a competitive relationship be- 
tween urea and the respective substrates exists in these cases. 
The competitive nature of the inhibition of many enzymes by 
low concentrations of urea suggests that inhibition results from 
interference with the formation of the appropriate enzyme-sub- 
Guanidine and formamide are similarly inhibi- 
tory. All three compounds are known to be strong hydrogen- 
bonding agents. It appears, therefore, prima facie, that these 
compounds compete with substrates by reversible, hydrogen- 
bonding attachment at the active sites of enzymes. The 
combination of urea with protein molecules is nonspecific and 
probably occurs over a large area, with numerous molecules of 
urea combining with each molecule of enzyme. But the inhibi- 
tion of enzyme activity would seem to reflect the attachment of 
urea specifically at the active site, in view of the relatively low 
concentrations of urea required for inhibition, and of the com- 
petitive nature of the inhibition. Analysis of the competitive 
inhibition of several enzymes by urea in the present study, by 
the method of Johnson, Eyring, and Williams (40), indicates 
that 1 or 2 molecules of urea per molecule of enzyme are involved 
in the formation of the enzyme-urea complex which leads to the 
observed inhibition. Chase and Krotkov (8) and Osborne and 
Chase (9) have presented similar figures for invertase and 
luciferase whereas Hill et al. (12) have calculated that, in the case 
of papain, 4 molecules of urea are bound to each molecule of 
enzyme. These figures indicate a rather specific effect of urea 
within a small region of the enzyme molecule, presumably the 
active site. 

Klotz and Luborsky (41) have postulated that the combination 
of an enzyme with its substrate involves the cooperative forma- 
tion of an icelike structure of water molecules between the en- 
zyme and the substrate, by analogy to their interpretation of the 
manner in which various organic ions are bound to bovine serum 
albumin. Urea and related protein denaturants, which prevent 
dye-binding to proteins, are presumed to occasion enzyme inac- 
tivation by dissociating such cooperative icelike structures 
through hydrogen bond formation with the water molecules of 
the lattice. The present results, although not lending support 
to the “ice-lattice”’ theory, do not definitively contradict it. 

However, the possibility should be considered that, at the 
binding sites of enzymes in the free state in aqueous medium, 
there are functional groups which are solvated with hydrogen- 
bonded water. Formation of enzyme-substrate complexes may 
require displacement of this water by the substrate (42) which, 
in turn, forms hydrogen bonds at the active site. The competi- 
tive action of urea might then be ascribed to the displacement of 
water molecules by urea in a similar manner. 

It is not inherent in this concept that every substrate is hydro- 
gen-bonded to the enzyme in the enzyme-substrate complex. 
Particularly when relatively large substrates are involved, it is 
conceivable that a portion of the substrate molecule overlays an 
area of the protein to which water is bonded. Displacement of 
such water by urea would also prevent formation of the enzyme- 
substrate complex simply because of the large volume of the 
urea molecule compared to that of water. This would be partic- 
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ularly significant if formation of the complex is accomplished by 
an “induced fit’? as proposed by Koshland (43). 

The difference between the strength of the hydrogen bond and 
that of the deuterium bond is very small (44). If urea inhibition 
is accomplished by displacement of hydrogen-bonded water, 
there should then be no significant difference in its ability to 
“compete” with H.O or D.O. The nonvariance of A,, for xan- 
thine (34) and K; for urea inhibition when determined in a 99.5% 
D.O medium is in accord with this hypothesis. 

Urea Inhibition of Metallo-enzymes—From the data here 
presented, it appears that, in general, urea is relatively ineffective 
as an inhibitor of those metallo-enzymes whose metal component 
is involved in the formation of the enzyme-substrate complex. 
Thus, hexokinase and alkaline phosphatase which show an ab- 
solute dependence upon the presence of Mgt+, and the ferri- 
porphyrin proteins, peroxidase and cytochrome oxidase, are com- 
pletely unaffected by urea even at 2 M concentration. Uricase, 
a copper-protein (45), carboxypeptidase, a zine protein (46), 
catalase, a hemoprotein, and inorganic pyrophosphatase which 
is dependent upon Mg** in the medium are inhibited only at very 
high concentrations of urea. Much evidence suggests that the 
metal of many metal-requiring or metal-containing enzymes 
serves as a bridge between enzyme and substrate in the formation 
of the enzyme-substrate complex (47). It is extremely unlikely 
that urea can prevent chelation or coordination of the enzyme 
or substrate by a metal. Similarly, it is unlikely that urea could 
competitively inhibit the action of enzymes on inorganic sub- 
strates such as pyrophosphate, sulfite or peroxide since, in these 
instances, electrostatic forces rather than hydrogen-bonding or 
van der Waals’ forces must be involved in formation of the en- 
zyme-substrate complex. 

Xanthine oxidase contains both iron and molybdenum, yet the 
present studies have shown that this enzyme exhibits the lowest 
K; for urea among the enzymes studied. This finding suggests 
that neither metal is involved in the binding of purines or alde- 
hydes to xanthine oxidase. Further, since the K; for urea inhibi- 
tion is identical to both types of substrates, it is evident that the 
same binding site is involved in both oxidations. 

Influence of Anions on Urea Inhilition—The synergistic effects 
of dodecyl sulfate and of various anions on urea inhibition are not 
presently understood. In the presence of dodecyl sulfate, itself 
a noncompetitive inhibitor of xanthine oxidase, the AK; for urea 
is lowered from 0.2 m to 0.1 M and the inhibition remains com- 
petitive. Alkaline phosphatase, which is unaffected by urea, is 
also insensitive to dodecyl! sulfate. It is of interest, in this con- 
text, that cytochrome oxidase, which is not inhibited by urea, 
has also been shown to be fully active in the presence of the 
detergent. The order of effectiveness of the anions, thiocyanate 
> bromide > chloride > acetate >fluoride > sulfate, in accen- 
tuating urea inhibition of xanthine oxidase is identical with that 
found in studies of protein denaturation by urea (48, 49) and 
bears a striking similarity to the Hofmeister lyotropic series. 

A clear distinction is warranted between the immediate, dilut- 
tion-reversible effect of urea on proteins, observed in these 
studies as a competitive inhibition of enzymic activity, and the 
essentially irreversible denaturation resulting from prolonged 
exposure to high concentrations of urea. The former appears to 


reflect reversible hydrogen bonding of urea with loci on the pro- 
tein surface ordinarily bonded to water, whereas the latter may 
be presumed to result from the disruption of the tertiary structure 
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of the protein as urea molecules displace intramolecular hydro. 
gen-bonded groups. 


SUMMARY 


Xanthine oxidase has been found to be competitively inhibited 
Analysis of urea inhibition of a series 


by low levels of urea. 
diverse enzymes indicates that urea is, in general, a competitive 
inhibitor of enzymes which act upon organic substrates. Guanj. 


dine is much more effective than urea as a competitive inhibito | 
Relatively higher concentration | 
of urea are required to effect inhibition of enzymes which ac! 
upon inorganic substrates and such inhibitions are either “nop. 
competitive” or “uncompetitive.” 

In general, enzymes which require metal ions as cofactors or | 


of the same group of enzymes. 


which contain a metal as an integral part of the enzyme molecuk | 


were found to be resistant to inhibition by urea. 


K, for urea inhibition decreases with decreasing temperature,» 
Urea inhibition remains competitive in 99.5% D.O, in 50% : 
glycerol, and in the presence of inhibitory levels of dodecy] sul. © 


fate. A number of anions enhance the inhibition of xanthine 


oxidase by urea; in the more marked instances the inhibition js | 


no longer competitive. 


These findings are discussed and a possible mechanism for the | 


competitive inhibition of enzymes by urea is presented. 
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The low molecular weight proteins (2) of pooled normal human 
plasma which are characterized by sedimentation constants of 
approximately 3 8, are known to be concentrated in Cohn’s 
Fraction VI (3, 4). Separation of the proteins present in this 
fraction yielded a,-acid glycoprotein (5) and a group of three 
ao-glycoproteins as well as albumin and a small amount of £- 
globulins (2). As reported recently (6, 7) it was possible to re- 
solve the ao-glycoproteins into two subfractions, one consisting 
of two proteins that were rendered insoluble specifically with Ba 
ions (Ba-a2-glycoproteins) (6, 7) and the other containing as its 
major component the third glycoprotein that was precipitated 
with Zn-ions and, therefore, was designated as Zn-a2-glycopro- 
tein. 

The present paper describes the method by which Zn-a-glyco- 
protein was isolated in the homogeneous state, and the major 
chemical and physical chemical properties of this blood con- 
stituent. | - 


EXPERIMENTAL PROCEDURE 


The starting material for the present study was obtained by a 
procedure briefly described earlier (6) and exhibited the following 
electrophoretic composition: 4% albumin, 4% a-, 79% az-, 
7% Bi-, and 6% Be-globulin (Fig. 2). The a-globulin fraction 
included, in addition to Zn-ae-glycoprotein, a small amount of 
Ba-as-glycoproteins (7). On ultracentrifugation a single com- 
ponent was observed which sedimented with a constant of ap- 
proximately 2.8 S at a protein concentration of approximately 
1%. 

Most methods used in this investigation are those referred 
to in recent papers (5, 8). The following additional procedures 
were employed. Routine analysis for determining the degree of 
purity of the protein fractions obtained at different stages of 
the purification was performed by paper electrophoresis at pH 
8.6 inI’/2 0.1 barbiturate and at pH 5.0 in I’/2 0.1 acetate buff- 


* This is publication No. 290 of the Robert W. Lovett Memorial 
Unit for the Study of Crippling Disease, Harvard Medical School 
at the Massachusetts General Hospital, Boston, Massachusetts. 
This work was supported by grants from Lilly Research Labora- 
tories, Eli Lilly and Company, and from the National Institute of 
Arthritis and Metabolic Diseases (Grant No. A-3564) of the United 
States Public Health Service. A preliminary note on this study 
has been published (1). 

t Research Fellow of the American Arthritis and Rheumatism 
Foundation (1958-1959). 

t This work was done during the tenure of an Established In- 
vestigatorship of the Helen Hay Whitney Foundation, New York, 
New York. 


ers. At pH 5.0, Zn-a2-glycoprotein separated particularly wel 
from the Ba-a2-glycoproteins and a,-acid glycoprotein. There. 
fore, the latter proteins were used as references. The homogene. 
ity of the final preparations was checked by free moving bound. 
ary electrophoresis (Perkin-Elmer electrophoresis apparatus, 
model 38). The most sensitive conditions were found to be at 
pH 7.0 in ['/2 0.1 cacodylate buffer. Less pure preparations 
appeared heterogeneous under these conditions in spite of their 
electrophoretic homogeneity at pH 5.0 and 8.6. The heteroge. 
neity at pH 7.0 was the more pronounced the lower the ex- 
tinction coefficients of the investigated preparations. The 
electrophoretic mobility of the Zn-ae-glycoprotein as a function 
of pH was established with the aid of free electrophoresis, 
The buffer solutions used for this investigation had a total ionic 
strength of 0.1 made up of 80% NaCl and 20% buffer ions. 
The protein solutions were dialyzed against these buffers at 3° 
for 17 hours. For the determination of the isoionic point, an 
aqueous solution of the protein was deionized at 2° by passage 
through an ion exchange resin column prepared according to 
Dintzis (9). After lyophilization the pH of a solution containing 
1% protein was measured with a Beckman pH meter, model G. 

The intrinsic viscosity of Zn-a2-glycoprotein was determined 
in a Cannon-Ubbelohde dilution viscosimeter (Cannon Instrv- 
ment Company, Baalsberg, Pennsylvania) (Flow time, 2 min- 
utes, 18 seconds) with 0.1 Mm NaCl as solvent. 

The NH,-terminal amino acid analysis was made by the 
method of Sanger (10, 11). One micromole of glycoprotein was 
dissolved in 3.0 ml of water. Sufficient NaHCOQs; was added to 
give a concentration of 10%. The resulting solution was mixed 
with 6.0 ml of ethanol containing 0.3 ml of dinitrofluorobenzene 
and shaken at room temperature for 2 hours. After removal of 
the ethanol in a vacuum the excess of dinitrofluorobenzene was 
extracted with ether. The aqueous solution containing the 
water-soluble DNP! derivative of the glycoprotein was dialyzed 
exhaustively against cold distilled water and lyophilized. Hy- 
drolysis of the DNP-glycoprotein was performed with 5 n HCl 
at 100° for 17 hours in a sealed tube. After removal of the HCl 
by evaporation in a vacuum, the solution was extracted with 
ether. Both the ether extract and the resulting aqueous solu- 
tion were investigated. To test the presence of labile DNP- 
amino acids the hydrolysis was also carried out in concentrated 
HCl at 100° for 4 hours. 

The C—OH-terminal amino acid was determined by Akabon’s 
hydrazinolysis procedure (12) modified by Bradbury (13) and 


1 The abbreviation used is: DNP, dinitropheny]. 
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Kusana (14). Bradbury introduced hydrazine sulfate as cata- 
lyst which permits this reaction to be carried out at a lower 
temperature and thereby increases significantly the recovery of 
those C—OH-terminal amino acids which were largely de- 
stroyed under the original conditions of Akabori’s method. 
Kusana employed enanthaldehyde for the reaction with and 
removal of the formed hydrazides; 2.e. enanthaldehyde serves 
simultaneously as solvent for the formed Schiff’s bases of the 
hydrazides. 

One micromole of glycoprotein (41 mg) was mixed with 60 mg 
of hydrazine sulfate in an appropriate test tube and dried over 
P.O; at 78° in a vacuum of 0.01 mm Hg for 3 hours. After addi- 
tion of 1 ml of anhydrous hydrazine prepared according to Ku- 
sana (14), the test tube was sealed under vacuum of 0.1 mm Hg. 
The reaction mixture was incubated at 78° for 17 hours to bring 
about hydrazinolysis. Subsequently, the excess of hydrazine 
was removed in a desiccator in a vacuum over concentrated 
H.SO;. The residue was then dissolved in approximately 4.5 
ml of water. The obtained solution was shaken twice with 0.5 
ml of enanthaldehyde for 30 minutes and separated from the 
aqueous phase which was subsequently extracted twice with 3 
ml of ethyl acetate and made to react with dinitrofluorobenzene 
in presence of bicarbonate and ethanol (10, 11) as described 
above. The DNP-amino acids were isolated by the conven- 
tional procedure. The remaining aqueous solution and the 
ether-soluble DNP-amino acids were investigated. The ether- 
soluble DN P-amino acids, from which most of the dinitrophenol 
had been removed by sublimation in a vacuum at elevated tem- 
perature, were chromatographed in the Levy I-II system (11). 
The DNP-amino acids were eluted from the chromatogram and 
quantitated (11). The identity of the DNP-amino acids was 
further established by paper chromatography in pH 6.2 citrate 
buffer (15) and in pH 6 phthalate-tert-amy1 alcohol (11, 16). 

For the separation of the neutral hexoses, chromatography on 
“borate”? columns as described by Nakamura (17) and modi- 
fed by Eylar? was employed. The identification of the hexos- 
amine was achieved by the procedure of Gardell (18). 


Preparation of Zn-o2-glycoprotein in 
Homogeneous State 


1. Preliminary Purification by Reprecitpitation and Extrac- 
tion—The 3 S ae-glycoproteins of normal human plasma were 
separated from each other by taking advantage of the formation 
of insoluble complexes of two of the three a-globulins in presence 
of BaAc. (7). The supernatant solution resulting from this 
separation was mixed at —5° with precooled 1 M ZnAcy to give 
a concentration of 20 mM effecting precipitation of Zn-a2-glyco- 
protein, the major component, and albumin, small amounts of 
Ba-on-glycoproteins and #-globulins (Fig. 1). The bulk of 
a-acid glycoprotein and £,-globulin remained soluble. The 
protein precipitate formed was centrifuged, washed in order to 
extract a further small quantity of a,-acid glycoprotein and 
8,-globulin, and dissolved at 0° with neutralized ethylenedia- 
minetetraacetate. The obtained brown protein solution was 
dialyzed against distilled water at 2° and lyophilized. The 
resulting protein preparation represented the starting material 
for the present study. Such preparations still included small 


2 The authors are indebted to Dr. E. H. Eylar, Harvard Medical 
School, for the details of his procedure for the separation of galac- 
tose from mannose on Dowex 1, borate cycle. 
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pH 5.8, 25% ethanol, —5°, 
0.02 BaAc:, 2% protein 


Supernatant 
Precipitate: solution 


Ba-a2-glycoproteins 


Add im ZnAc. 

| to give 0.02 m 
m-Acid glycoprotein 
£,-globulin 


Purified Zn-a:-glycoprotein 
Chromatography on DEAE-cellulose 


| | | 
3 


Albumin, Zn-o2-glycoprotein a-Acid 
B2-globulin(s) glycoprotein 


Fig. 1. Preparation of human plasma Zn-a.-glycoprotein in the 
homogeneous state. 


amounts of albumin, glycoprotein, Ba-a-glycoproteins, 
and 6,- and #globulins as shown by paper electrophoretic 
analyses at pH 4.0 and 5.0 in I'/2 0.1 acetate buffer (Fig. 2). 

For the subsequent separation it was found advantageous to 
repeat the above mentioned procedure in order to remove not 
only most of the a,-acid glycoprotein and 8,-globulin, but par- 
ticularly to extract as much as possible of Ba-as-glycoproteins. 
For this purpose the protein concentration of the solution used 
for refractionation was adjusted to 2%. 

2. Final Purification by Chromatography on DEA E-cellulose— 
A method employing chromatography on DEAE-cellulose (19) 
was developed for the separation of Zn-ae-glycoprotein, albumin, 
a,-acid glycoprotein, and 8.-globulin(s) from each other. This 
procedure, which will be described in detail later, permitted 
successive elution of the proteins at constant pH value by in- 
creasing the ionic strength and involved essentially the follow- 
ing steps. The lyophilized protein mixture, described above, 
was dissolved in pH 5.0, I'/2 0.012 acetate buffer and applied 
to a column of DEAE-cellulose previously equilibrated against 
the same buffer. The bulk of albumin was not retained. How- 
ever, Zn-a-glycoprotein together with the brown pigment re- 
mained at the top of the column. Most of the retained albumin 
was eluted by increasing the ionic strength to 0.02. Subsequent 
gradual rise in ionic strength to 0.06 with the use of a gradient 
effected displacement of the brown zone. The colored effluent 
containing the Zn-as-glycoprotein was collected separately. 
a,-Acid glycoprotein which so far had remained on the column 
was displaced at higher ionic strength. 

Traces of albumin and a,-acid glycoprotein could be removed 
from Zn-a2-glycoprotein by chromatography on Amberlite IRC- 
50 (8). 


3 It was of interest to note that the yellow-brown pigment pres- 
ent in such preparations could be separated from the protein if 
the latter had apparently been partially denatured. 
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Fic. 2. Paper electrophoretic analysis at pH 4.0 in I'/2 0.1 ace- 
tate buffer of Zn-a2-glycoprotein prepared by chromatography on 
Amberlite IRC-50 (//7). Fraction VI (J) and the purified Zn-a>- 
glycoprotein (J/), isolated by solubility procedures, were em- 
ploved as references. 


RESULTS 
Characterization of Zn-a2-glycoprotein 


1. Electrophoretic and Ultracentrifugal Investigations—Analy- 
sis by free moving boundary electrophoresis carried out over the 
pH range of 2.5 to 13 demonstrated homogeneity between pH 
3.9 and 13 (Fig. 3). On the alkaline side of the isoelectric point, 
i.e. between pH 3.9 and 5.6, the ascending and descending pat- 
terns were almost enantiographic. At pH values above 6, the 
ascending patterns appeared the narrower and the descending 
ones the broader, the higher the pH of the buffer. On the acid 
side of the isoelectric point of this protein, a distinct shoulder 
was observed at pH 3.4, whereas at pH 2.7 two components were 
noted. The electrophoretic mobility of Zn-ae-glycoprotein 
plotted against pH is shown in Fig. 4. For comparison, the 
corresponding values of the Ba-ae-glycoproteins (7) are also 
included in this figure and represented by the dotted lines. At 
pH 8.6 the electrophoretic mobility of Zn-a2-glycoprotein was 
—4.2 X 10-5 cm? per volt sec (Table I) corresponding to that of 
an a-globulin. At pH 11 and above the mobility increased 
sharply suggesting a high tyrosine content. In the pH range 
acid to 5.5, the electrophoretic mobility decreased rapidly to 
zero. Between pH 3.7 and 3.8 this protein was isoelectric. 


Further experiments concerning the homogeneity and stability 
of Zn-a.-glycoprotein were carried out by ultracentrifugation of 
the solutions employed previously for the electrophoretic exper- 
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iments described above. Again, it should be emphasized that 
these solutions had been dialyzed against the buffers for at 
least 17 hours. Within the pH range from 3.9 to 11, a single 
symmetrical refractive index gradient was observed. At pH 12 
a relatively large “‘shoulder”’ was noted. At pH 13 the sedimen- 
tation constant of the apparently homogeneous material was de- 
creased to 1.95. However, after dialysis against 0.10 M NaCl, 
such preparations resolved into two components with sedi- 
mentation constants of approximately 2.9 and 4.48. A slightly 
asymmetric pattern also resulted near pH 3.5 in I’/2 0.1 formate, 

The isoionic point of a 1% solution of Zn-a2-glycoprotein was 
found to be at pH 4.5. 

2. Further Physical Chemical Properties of Zn-a-2-glycopro- 


3.9 


é 


Fic. 3. Free moving boundary electrophoresis of Zn-a2glyco- 
protein. The schematic drawings represent the ascending pat- 
terns on the left and the descending ones on the right. The small 
peaks on the very left and right are the salt anomalies (6 and ¢). 
The top row represents the patterns obtained in pH 3.9, ['/2 0.1 
acetate buffer (150 minutes, 9.6 ma); the middle row, those in pH 
6.8, 1/2 0.1 cacodylate buffer (145 minutes, 9.6 ma); and the bottom 
row, those obtained in pH 10.5, ['/2 0.1 glycinate buffer (120 min- 
utes, 9.6 ma). 


Zn- x, -GLYCOPROTEIN 
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Fic. 4. Electrophoretic mobility of Zn-a2glycoprotein as 4 
function of pH. The ionic strength of 0.1 of the employed buffers 
was made up of 0.08 NaCi and 0.02 of the buffer ions. 
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Zn- GLYCOPROTEIN 
S20.w SEDIMENTATION CONSTANT (Sao AS A 


35 FUNCTION OF PROTEIN CONCENTRATION (%) 


2.5+ 4 


0.5 15 
PROTEIN CONCENTRATION (%) 
Fic. 5. The sedimentation coefficient of Zn-a2glycoprotein as 


a function of protein concentration. Measurements were carried 
out in 0.1 m NaCl at 20°. 


Zn-c,-GLYCOPROTEIN 
0.08 
“ 
0.06 4 
o” 
0.04 
i L j 
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PROTEIN CONCENTRATION, % 
Fic. 6. Intrinsic viscosity of Zn-a2-glycoprotein 


teen—The sedimentation coefficients of Zn-a2-glycoprotein, de- 
termined in 0.10 m NaCl at 20° and at protein concentrations 
between 0.125 and 2.0%, are reported in Fig. 5. The sedimenta- 
tion coefficient corrected to water and extrapolated to zero con- 
centration was found to be 3.2 S. The partial specific volume 
of this protein was calculated from the composition of the glyco- 
protein according to Edsall (20) and a value of 0.706 [ml per g] 
was obtained. The partial specific volume of the sialyl residue 
was reported to be 0.590 (21) and that of the hexose residues 
was taken as 0.61 (22). The intrinsic viscosity of Zn-a2-glyco- 
protein amounted to 0.050 [g per 100 mlJ-! (Fig. 6). The mo- 
lecular weight of Zn-a2-glycoprotein was derived from the sedi- 
mentation coefficient (s), intrinsic viscosity (7), calculated partial 
specific volume (V) and density of solvent (p) by the following 
equation (23): 


4690- 
(1 — Vp)? 


The molecular weight of this protein was found to be 41,000. 
Extinction Coefficient—The absorption curve of Zn-a2-glyco- 
protein was determined at pH 7 and 13 (Fig. 7). From the 
pH 7 curve which shows a minimum at 250 my and a maximum 
at approximately 278 my, an extinction coefficient, Ey os 
of 18 was calculated (Table I). At pH 13 two maxima resulted 
because of the known shift of the absorption of tyrosine. These 
two maxima were used for the spectrophotometric determination 
of tryptophan and tyrosine (24). The principles of this deter- 
mination and the calculation of the content of the two amino 


M = 


acids are indicated in Fig. 8. The reference value, S, of 0.974 
(24) was derived from the slope of the tangent of the two max- 
ima and related to the molar tyrosine-tryptophan ratio (R) of 
1.4 and to the extinction (£) of 177 (24) of a 1% solution of these 
two amino acids prepared in the ratio of 1.4. The total content 
of tyrosine plus tryptophan was obtained by dividing the optical 
density (0.685) of the higher maximum by the extinction coeffi- 
cient of 177 and amounted to 3.87 mg per 100 ml of the investi- 
gated solution which contained 36.5 mg of protein. From the 


T T T 
Zn- GLYCOPROTEIN 
ABSORPTION CURVE 
pH 
30F 
1% 
em. 
pH 7 

20F 4 
1Or 

250 280 300 
mu 


Fic. 7. Absorption curves of Zn-a2glycoprotein determined at 
pH 7 and 13. 


TABLE I 
Physical chemical characteristics of Zn-a2-glycoprotein 

Sedimentation coefficient, 3.28 
Calculated partial specific volume, V (ml per g). 0.706 
Intrinsic viscosity (g/100 ml)~!................ 0.053 
Molecular weight (s,7, V)..................... 41 ,000 
Electrophoretic mobility (cm? per volt sec) 

At pH 8.6, 0.1 barbiturate-NaCl......... —4.2 10-5 

At pH 5.0, 0.1 acetate-NaCl............. —2.5 K 10-5 
Isoelectric point, ['/20.1 acetate-NaCl, between 

Isoionic point (resin deionized) at pH......... 4.4 
Extinction coefficient, E}2n. 278 my, (pH = 7).... 18 
Specific optical rotation, [a]? 

Solubility tests (05% aqueous solution)....... 

1.8 m HCIO, (3 volume)..................... NP 

Phosphotungstic acid, 5% in 2 n HCI (3 vol- 

Trichloroacetic acid, 20% (3 volume)........ P 
Sulfosalicylie acid, 0.6 m (} volume)......... P 
NaH2PO, (pH 4.5), saturated............... P 
NazHPO, (pH 9.1-9.2), saturated. ........... P 
(NH,)SO, , saturated...................... P 


¢ Remains clear at the boiling point; on cooling slight turbidity 
occurs. 

’ Abbreviations: NP = not precipitated; P = precipitated 
immediately. 
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Fic. 8. Spectrophotometric determination of tryptophan and 
tyrosine of Zn-a2-glycoprotein. 
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Zn- GLYCOPROTEIN 
> 1.5 
S 
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pH 


Fic. 9. Solubility of Zn-a2glyecoprotein as a function of pH 
measured at —5° in acetate buffers of constant ionic strength and 
in presence of 15% ethanol. 
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q pH 5.8, -5° 
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rs 
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Fic. 10. Solubility of Zn-a2-glycoprotein as a function of the 
ZnAcz concentration (logarithmic scale). The solubility of hu- 
man serum albumin was measured simultaneously under the same 
conditions. 
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total amount of 10.6% of the two amino acids and the molar ratio 
of 1.4, a content of tryptophan of 4.7% and of tyrosine of 5.9% 
was calculated, equivalent to 10 and 14 moles per 41,000, respec. 
tively (see amino acid composition, Table III). 

Specific Optical Rotations—The specific optical rotations of 


Zn-a2-glycoprotein determined in water and in 8 M urea are re. ° 


ported in Table I. 


Solubility Studies—The influence of pH, ZnAcz, and 
upon the solubility of Zn-a2-glycoprotein was investigated under | 


conditions indicated in Figs. 9 to 11. 


In the first series of experiments (Fig. 9) the single variable | 
was the pH covering a range from 3.4 to 5.0. The resulting 
curve showed a solubility minimum near pH 3.8, 1.e. near the | 
At the low ionic strength of | 
0.005, a steep increase in solubility was noted on both sides of | 


isoelectric point of the protein. 


the isoelectric point; however, this rise was less pronounced on 
the acid side. 


The results obtained from the second set of experiments 
(Fig. 10) demonstrate the dependence of the solubility of this 
The solubility measure. | 
ments were carried out between 0.0005 and 1.0 m ZnAcz at pH | 
The same property of human | 


protein on the ZnAc2 concentration. 


5.8, 19% ethanol and —5°. 
serum albumin was determined simultaneously ynder identical 
conditions and used as reference. At ZnAce concentrations 
near 0.02 m the solubility of both proteins exhibited a minimum 
and the absolute solubility values were very low. 
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At higher 


ZnAcz concentrations both proteins were salted in, but at sig. 


nificantly different rates. 


bumin had remained essentially insoluble. 


about 20-fold, whereas albumin was still relatively insoluble. 
In the third series of experiments, the effect of BaAce upon 
the solubility of Zn-a2-glycoprotein and the Ba-az-glycoproteins 
was determined at pH 5.8, 25% ethanol, —5° and at concentra- 
tions between 0.001 and 0.3 m (Fig. 11). 


| 


pH 5.8, — 5° 
25% ETHANOL 


SOLUBILITY (gm per /00 mi) 


0.0! 
M Li B0Ac, J 


0.001 


Fic. 11. Solubility of Zn-a2glycoprotein as a function of the 


concentration of BaAce (logarithmic scale). For comparison, the 
solubility of Ba-as-glycoprotein (Ba-a») was determined simul- 
taneously. 


At a concentration of 0.5 m (5) Zn- ; 
a-glycoprotein had become considerably soluble, whereas al- 
Below 0.02 of 
ZnAcz the solubility of Zn-a2-glycoprotein and albumin increased 
again but, as noted above, that of albumin was enhanced ata _ 
much lower rate. At a concentration of approximately 0.01 u — 
of ZnAc, the solubility of Zn-ae-glycoprotein had increased 
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was observed between 0.01 and 0.02 M of BaAc2. Like the effect 
of ZnAcz, increasing and decreasing concentrations of BaAcz 
caused a several-fold increase in the solubility of both proteins. 
However, in contrast to the solubility of the zinc proteinates, a 
significant solubility difference was observed between the Ba 
complexes of the investigated two proteins at every BaAc2 con- 
centration studied. Furthermore, the absolute solubility values 
of the Ba-proteinates are much higher than those of the corre- 
sponding Zn-proteinates. 

The effect of some of the classical protein-precipitating rea- 
gents is reported in Table I. Outstanding are the following 
findings. Boiling in distilled water or the addition of perchloric 
acid does not render Zn-a.-glycoprotein insoluble. However, 
acidic phosphotungstic acid effects immediately precipitation. 

3. Chemical Composition—The results of the study of the 
chemical composition of Zn-ae-glycoprotein are summarized in 
Tables II and III. As reference a,-acid glycoprotein was used 
5). 

The NH--terminal amino acid analysis gave the following 
result. Chromatography in the pH 6 phthalate-t-amyl alcohol 
system (16) of the DNP compounds remaining in the aqueous 
phase yielded three spots. The main component corresponded 
to e-DNP-lysine in an amount equivalent to 19 moles per 
mole of protein. After dinitrophenylation of an aliquot of the 
aqueous phase, lysine, as its bis-a,e-DNP derivative, became 
ether-soluble. The final aqueous solution afforded on paper 
chromatography in the same system one spot with an Ry value 
between €-DNP-lysine and a-DNP-arginine. In n-butanol- 
acetic acid-water (11) this compound exhibited an Ry value 
which was slightly higher than that of a-DNP-arginine. The 
Sakaguchi test (25) was negative. Thus, arginine does not 
seem to be an NH-.-terminal amino acid. The ether-extractable 


TaBLeE II 
Chemical composition of Zn-a2-glycoprotein 
Component Amount 

Nitrogen content, %.................... 12.6 
Polypeptide moiety, %.................. 85 
Carbohydrate moiety, %................ 18° 

Terminal residues 

NH>2-terminal amino acid.............. Not reactive with 


Serine, 0.7 mole/mole 
of protein? 

Sialic acid, 10 moles/ 
mole of protein 


C—OH-terminal amino acid........... 


Oligosaccharide chains 


_ Hexosamines 

Glucosamine, 100 


Galactosamine........................ Not detected 


* These values replace those reported earlier (1). 
‘Not corrected for water taken up during hydrolysis. 
‘DNFB = dinitrofluorobenzene. 

“Uncorrected, 0.4 mole. 
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Amino acid and carbohydrate composition of Zn-a2-glycoprotein® 


Hydrolysis at 105° in 6 N HCl. 


of the amino acids according to Moore et al. (44, 45). 


Resolution and determination 


Moles per 10,000 g of protein 


24-hr 72-hr | Prob- $1,000 41,000 
able 
\hydrolysis hydrolysis 
ie 4.8 4.9 |4.8 2 560 
9.8 11.8 | 8.8 364 5044 
2.6 2.6 2.6 11 616 
6.5 6.4 | 6.5 27 378 
3.4 3.0 3.5¢ | 14 196 
8.8 9.1 8.9 36 504 
4.0 4.0 4.0 16 224 
3.6 3.6 3.6 15 210 
4.1 4.2 4.1 | 17 238 
0.79 | 0.78 08 3 42 
4.4 4.7 4.7 | 19 266 
4.4 4.5/4.5 18 252 
3.8 3.6 3.8 | 16¢ 224 
2.0 2.0 2.0 8 112 
Glucosamine’. ....... 16 224 
Sialic acid. .......... 10 140 
5418 
or 105% 
Mannose............. 9 
Galactose............ 


* The amino acid analysis was kindly carried out by Drs. Bren- 
ner and Weber, University of Basel, Switzerland. 


> Weight recovery in terms of free amino acids and monosac- 


charides accounts for 108%. 
« Extrapolated to zero hydrolysis time. 


4 The amide content obtained by this procedure is known to 
The conventional 


be significantly above the theoretical value. 


amide determination also affords values which are too high be- 
cause of the instability of the carbohydrate moiety of glycopro- 


teins (46). 


¢ The corresponding value determined spectrophotometrically 
Thus, the average of 15 moles probably represents 


was 14 moles. 
a more correct value. 


As N-acetyl derivative. 


9 Under the conditions selected for hydrolysis of this glycopro- 
tein for amino acid determination, the sialic acid and part of the 
glucosamine are destroyed. If the 10 moles of sialic acid nitrogen 
and 8 moles of glucosamine nitrogen are subtracted from the 
amide content, a nitrogen recovery of 100% is obtained. 


DNP compounds were chromatographed in the Levy I-II 
One artifact, noted also earlier during the 
determination of the NH.-terminal amino acid(s) of a,-acid glyco- 
protein by the same method, was near the position of DNP- 
cystein, and two others in slightly larger amounts near dinitro- 
The latter two compounds were isolated from a Levy 
II chromatogram. They were rechromatographed and showed 
Rr values of the DNP derivatives of serine and threonine, but 


system (11). 


phenol. 
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amounted to approximately 0.1 mole of DNP-amino acid per 
mole of protein. 

Chromatography of the DNP compounds obtained after 4 
hours of hydrolysis at 100° with concentrated HCl of the DNP 
derivative of Zn-ae-glycoprotein, demonstrated the absence of 
DNP-glycine or proline. It is of interest to note that the DNP 
derivative of this glycoprotein is soluble in water. 

For the determination of C—OH-terminal amino acid, the 
following control experiments were carried out. With the use of 
the procedure described briefly in ‘Experimental Procedure,” 
free leucine was recovered in a yield of 90°%. Lysozyme yielded 
0.83 mole of leucine per mole of protein or 0.92 mole per mole of 
protein if corrected for recovery. a@,-Acid glycoprotein afforded 
0.47 mole of serine per mole of glycoprotein in addition to the 
artifacts mentioned below. Free serine added to a,-acid glyco- 
protein was recovered to 60%. 

Zn-a2-glycoprotein yielded 0.40 mole of serine per mole of pro- 
tein or, when corrected for recovery and destruction, 0.85 mole 
of serine per mole of protein. The two-dimensional chromatog- 
raphy of the ether-soluble DN P-amino acids showed consistently, 
in addition to DN P-serine, small amounts of DNP-glycine, DNP- 
aspartic acid, and DNP-glutamie acid, as well as dinitrophenol, 
dinitroaniline, and DNP-hydrazides of certain amino acids. The 
presence of these minor DNP compounds has been demonstrated 
to be the result of a relatively specific hydrolysis of the peptide 
chain taking place during hydrazinolysis of proteins (26). To 
establish further the identity of DNP-serine derived from Zn-a2- 
glycoprotein, this compound, after its elution from the paper 
chromatogram and its quantitative determination, was again 
chromatographed in citrate buffer and pH 6 phthalate-t-amyl 
alcohol (11). In both experiments the R,y-value of this DNP- 
amino acid was identical with that of synthetic DNP-serine. 
The aqueous phase obtained after extraction of the ether-soluble 
DNP-amino acids was free from DNP-amino acids. 

4. Biological Findings—Proteolytic enzymes digested Zn-ap- 
glycoprotein (pepsin at pH 3.0; papain, trypsin, chymotrypsin, 
streptomyces proteases! at pH 7.5) but, as expected, at different 
rates and sites. Analyzed by the Hirs procedure for unspecific 
inhibitory activity towards hemagglutination with partially in- 
activated influenza virus, a few preparations of this protein ex- 
hibited a slightly positive reaction. However, it could be shown 
that the active principle was concentrated essentially in the 
supernatant solution of the Zn-a.-glycoprotein and is probably 
identical with that present as trace component in purified a,-acid 
glycoprotein (5, 27). Further, Zn-ae-glycoprotein did not ex- 
hibit any capacity to bind hemoglobin, a property characteristic 
of the haptoglobins (28, 29). The variation of the blood level 
of Zn-a2-glycoprotein has been measured in patients with rheu- 
matoid arthritis and will be published elsewhere.® 


DISCUSSION 


As pointed out earlier (1, 8), the chief difficulty encountered 
during the purification of Zn-a.-glycoprotein by solubility pro- 
cedures consisted of the removal of albumin and the Fraction VI 
Be-globulins by extraction or precipitation. Therefore, for the 
final purification of this protein a method based on a principle 
other than solubility had to be developed. Although the method 
for chromatography of the low molecular weight, acidic proteins 


4 The authors would like to express their thanks to Dr. 8S. Kami- 
yama for the generous gift of this enzyme. 
°>W. Biirgi and K. Schmid, in preparation. 


on carboxylated ion exchange resins (8) afforded sharp separation 
of the a.-glycoproteins from albumin, @,-acid glycoprotein and 
the 6-globulins of Fraction VI, the disadvantage of this technique 
lies in the low capacity of this resin to retain protein. Further. 
more, the Ba-as-glycoproteins could not be separated from Zp. 
a@o-glycoprotein and thus decreased the extinction coefficient of 
the latter protein (1). For the present study, a method for the 
chromatography of the Fraction VI proteins on DEAE-cellulose 
was developed. This new procedure permits the fractionation 
of the mentioned proteins on large scale. 

The electrophoretic and ultracentrifugal study of Zn-ae-glyco- 


protein prepared by the latter method demonstrated, first, that © 
this protein is isoelectric between pH 3.8 and 3.9. Therefore, — 


according to Meh] (30-32), this plasma constituent belongs to 
the MP-2 proteins. Second, Zn-ae-glycoprotein is stable from 
pH 3.9 to 11, 7.e. on the acid side of its isoelectric point. Stabil- 
ity of this glycoprotein is thus defined by the electrophoretic and 


ultracentrifugal behavior as a homogeneous component, after | 


dialysis of the protein against the buffers of different pH values 
at 4° for 17 hours. Non-enantiographic electrophoretic pat- 
terns were obtained at pH values higher than 6, although ultra. 
centrifugal analyses resulted in symmetrical patterns. Similar 
findings have been reported for a;-acid glycoprotein (33) and 


Ba-a2-glycoproteins (7). Third, again as judged by electro. | 


phoretic and ultracentrifugal analyses, Zn-a2-glycoprotein is un- 
stable on the acid side of its isoelectric point and at extremely 


alkaline pH values, a property not uncommon to proteins, — 
Fourth, the electrophoretic mobility of Zn-a2-glycoprotein was | 
found to be more negative at any pH than that of the other 3Sar © 


glycoproteins, the Ba-as-glycoproteins, except between pH 8 


and 10 at which values the mobilities are almost the same.® At © 


pH values above 10, the higher negative mobility is due to the 
high tyrosine content. At pH values below 10, the corresponding 
value results largely from the sialic acid content which, together 
with the anion-binding capacity, accounts in large part for the 
low isoelectric and isoionic points of Zn-a-glycoprotein. The 
correction of the isoionic point owing to hydrogen ion excess was 
estimated to be less than 0.1 pH unit (34). Hence, between the 
isoionic and the isoelectric point there is a pH difference of ap- 
proximately 0.7 unit, corresponding to the anion-binding capac- 
ity of this protein in NaCl-acetate buffer. Moreover, it should 
be mentioned that the protein constituents previously designated 
as “component 1” and “2 and 3” (6) are identical with Zn-ar 
glycoprotein and Ba-a2-glycoproteins (7), respectively. 

Physical chemical measurements confirmed the earlier con- 
jecture that the molecular weight of Zn-a2-glycoprotein and that 
of a,-acid glycoprotein must be comparable as judged from the 
almost identical sedimentation constants and the similar dif- 
fusion behavior on ultracentrifugation. Indeed, the molecular 
weight derived from sedimentation constant, calculated partial 
specific volume, and intrinsic viscosity was 41,000, a value very 
similar to that of the mentioned a,-globulin (33). 


The specific optical rotation of Zn-a2-glycoprotein measured | 


in distilled water and 8 M urea led to the following interesting 


finding. If the difference between these two values was divided | 


by the percentage of polypeptide of the protein, a ratio of 0.68 
was obtained. The corresponding ratio of the Ba-a2-glycopro- 
teins (7), of which the polypeptide moiety accounts for 80%, 


é A schematic representation of the electrophoretic mobility of 
most of the purified human plasma proteins as a function of pH1s 
found in a separate paper (33). 
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amounted to 0.66, and that of a,-acid glycoprotein with only 66% 
of polypeptide to 0.62 (35). The constancy of the ratio la]? /% 
polypeptide of 0.62 to 0.68 for this group of plasma glycoproteins 
should be emphasized, although further experiments are required 
to determine the significance of this observation. For com- 
parison it should be added that the corresponding values of non- 
conjugated globular proteins vary from 0.2 to 0.9 (36). Collagen, 
a protein with a completely unrelated structure, shows a value of 
2.8 (37). 

The solubility measurements of Zn-ae-glycoprotein carried out 
under controlled conditions as a function of pH demonstrated a 
relatively lesser increase in solubility on the acid side of the 
isoelectric point and confirmed the instability of this protein in 
the same pH region as judged from the electrophoretic and ultra- 
centrifugal investigation. This observation appears to be in 
agreement with the fact that denaturation is usually accompanied 
by a decrease in solubility. The investigation of the solubility 
as a function of the ZnAcz concentration provided precise data 
for the further understanding of the empirical method found for 
the separation of albumin from the 3 S a-glycoproteins at 0.5 
u ZnAce (2, 5). Thus, as shown in the present paper, the latter 
separation is based on the preferential salting-in of the mentioned 
arglobulins. The study of the solubility of the Ba complexes of 
Zn-a2-glycoprotein compared with that of the Ba-ae-glycopro- 
teins revealed a much lower solubility of the latter proteins. 
This observation represents the basis for the separation of the 
Zn-a2- from the Ba-a.-glycoproteins (6). Further solubility 
experiments revealed that Zn-a2-glycoprotein is soluble in 
presence of perchloric acid and, therefore, is most probably in- 
cluded in the seromucoid fraction of Winzler (38). It is also of 
interest to note that this protein is not precipitated in presence of 
8m urea, but can be rendered insoluble with trichloroacetic or 
sulfosalicylic acid. 

The chemical composition of Zn-ae-glycoprotein reveals strik- 
ing features. Carbohydrate makes up 15% of the weight of this 
protein; this represents approximately half of the carbohydrate 
moiety of a,-acid glycoprotein. The partial specific volume cal- 
culated from the composition of the protein was 0.706. This 
value lies in the expected range between that of many noncon- 
jugated proteins of 0.73 (20, 39) and that of a,-acid glycoprotein 
of 0.675 (40). The carbohydrate portion is comprised of the 
monosaccharides which are usually encountered in plasma glyco- 
proteins; namely, mannose, galactose, fucose, glucosamine, and 
sialic acid. The sialic acid content corresponding to 10 moles 
per mole of protein could be largely cleaved by neuraminidase’ 
(41), a finding suggestive of the terminal location of this acid on 
the oligosaccharide chains. The amino acid composition indi- 
cated that the polypeptide moiety of Zn-a.-glycoprotein consists 
of approximately 38 basic, 63 acidic, 24 aliphatic hydroxyl, 77 
aliphatic, 34 aromatic amino acid residues, 16 proline, 1 to 2 
cystine, and 3 methionine residues. Thus, this protein is com- 
posed of a total of approximately 258 amino acid and 43 mono- 
saccharide residues. Outstandingly high is the content of 
tyrosine and tryptophan. The so called tryptophan-rich pre- 
albumin (42) contains in fact less tryptophan than Zn-a2-glyco- 
protein. The extinction coefficient of 18 of this plasma protein 
accounting for the tyrosine and tryptophan content is probably 


"The authors are obliged to Dr. E. H. Eylar, Harvard Medical 
School, Professor E. Schultze, Behringwerke, Marburg, Germany, 
and Dr. L. Robert, School of Medicine, the University of Illinois, 
for the generous gifts of neuraminidase. 
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the highest value hitherto reported for plasma proteins, although 
even higher extinction coefficients have been noted for other 
proteins (chymotrypsin, EF = 20 (43)). 

The terminal amino acid analysis revealed approximately 1 
mole of COH terminal serine, suggesting the presence of one 
polypeptide chain. The NH.-terminal amino acid did not seem 
to possess a free amino group. Therefore, the purity of Zn-a2- 
glycoprotein has been established by the homogeneous behavior 
on electrophoresis and ultracentrifugation, and by the presence 
of a single COH-terminal and the absence of a reactive NH.- 
terminal amino acid. 

From these data it would appear that the fragmentary struc- 
ture of Zn-a2-glycoprotein is similar to that of a,-acid glycopro- 
tein (33): the backbone of the molecule appears to consist of a 
single polypeptide chain to which several oligosaccharide chains 
are attached. 


SUMMARY 


One of the low molecular weight, 3 8S a2-glycoproteins of normal 
human plasma, designated as Zn-a2-glycoprotein, has been iso- 
lated from Cohn’s Fraction VI and purified by solubility proce- 
dures and chromatography on diethylaminoethy] cellulose and 
Amberlite IRC-50. This protein appeared homogeneous as 
judged by electrophoretic and ultracentrifugal analyses over a 
pH range from 3.9 to 11 and by NH.- and COH-terminal amino 
acid determinations. The molecular weight of 41,000 was derived 
from sedimentation constant (3.3 8S), calculated partial specific 
volume (0.706 (ml per g)), and intrinsic viscosity (0.053 (g per 
100 ml)-!). The Zn-a2-glycoprotein is isoelectric between pH 
3.8 to 3.9 and isoionic at pH 4.5. This glycoprotein is further 
characterized by its chemical composition: polypeptide moiety 
85%, sialic acid 7% (termini of oligosaccharide chains), mannose 
and galactose 7%, glucosamine 4%, and fucose 0.2%. With 
regard to the amino acid composition, the very high content of 
tryptophan (4.7%) and tyrosine (5.9%), which agrees with the 
extinction coefficient of 18, is particularly striking. As COH- 
terminal amino acid, 0.7 mole of serine per mole of protein was 
measured, suggesting the presence of one polypeptide chain. 
The NH,-terminal amino acid did not react with dinitrofluoro- 
benzene. The dinitropheny! derivative of this plasma protein 
was found to be water-soluble. Solubility studies of Zn-a,- 
glycoprotein were carried out over a wide range of ZnAc. and 
BaAc, concentrations, yielding precise information concerning the 
empirical procedure for the separation of the Fraction VI pro- 
teins from each other. 
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The hydrolysis of glutathione by kidney tissue has been found 
to be a two step process mediated by two enzymes; these two 
enzymes have been designated as glutathionase! and cysteinyl- 
glycinase (1). The glutathionase was found to be responsible 
for the release of cysteinylglycine from glutathione but did not 
hydrolyze cysteinylglycine; an activator such as glutamine or 
glyeylglycine was found to be required by the partially purified 
enzyme (2). The cysteinylglycinase, although firmly bound to 
tissue particles, was released by digestion with proteolytic en- 
zymes; this cysteinylglycinase appeared to be similar to other 
peptidases of tissues and required divalent metal ions for activ- 
ity (3). Hanes, Hird, and Isherwood (4) showed that the acti- 
vation of glutathionase by glutamine and similar materials was a 
transpeptidation in which the y-glutamy] radical of glutathione 
was transferred to the activating amino acid or peptide. Speci- 
ficity studies of the activating reaction revealed that a number 
of amino acids and peptides were active as acceptors. Amino 
acids of the p configuration were found to be inactive and many 
amino acids were found to behave in a biphasic manner, acti- 
vating at lower levels but inhibiting at higher levels (5). It was 
found that many dipeptides were active whereas the component 
amino acids were inactive; for example, it was shown that glycyl- 
glycine was a potent acceptor (or activator) whereas the amino 
acid, glycine, and the tripeptide, glycylglycylglycine, were in- 
active (5). Four major types of activity, represented by the 
acceptors arginine, methionine, glutamine, and glycylglycine, 
have been recognized. Magnesium ion has been identified as 
essential for maximal activity and a number of inhibitors, par- 
ticularly the phthaleins and penicillin, have been described (2). 

Efforts at the purification of glutathionase in our laboratory 
and elsewhere (6) have not been particularly successful. As has 
been reported (7), the glutathionase is a lipoprotein that is con- 
centrated with the microsomes and may be separated by treat- 


ment with deoxycholate; the cysteinylglycinase is found as- 


sociated with the ribonucleoprotein particles of the microsomes. 
For preparative purposes, sodium lauryl sulfate, rather than 
deoxycholate, has been used to solubilize the lipoprotein par- 
ticles; the addition of magnesium ion was found to stabilize the 
activity in the presence of the detergent. 


EXPERIMENTAL PROCEDURE 


Fractionation of Kidney Tissue by Centrifugation—Pig kidneys 
were obtained from the slaughter house and were immersed in 
cold 0.25 m sucrose. Rat kidneys were taken immediately from 
decapitated rats and immersed in cold 0.25 M sucrose. Fat and 


* These studies were supported by a grant from the Institutes 
of Health, United States Public Health Service (Grant B-1714). 

'The enzyme designated by us as glutathionase would appear 
to be identical with the enzyme later studied by Fodor et al. (6). 
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connective tissue were removed with a scalpel and the remaining 
kidney tissue was minced into thin pieces to facilitate homog- 
enization. 

To each 1-g portion of minced kidney was added 9 ml! of the 
appropriate suspension medium and the tissue was homogenized 
for two minutes with an average of 30 upward passes; with 
0.88 mM sucrose the homogenization time was increased to permit 
30 upward passes. The homogenization apparatus was a Potter- 
Elvehjem tissue grinder with a precision bore tube attached to a 
Sargent constant speed cone drive stirring motor with a rotation 
of 1100r.p.m. The techniques of fractionation as used by Hoge- 
boom (8), Claude (9), and Novikoff et al. (10) were used. All 
pellets from the Hogeboom method were resuspended in 4 ml of 
0.01 m Tris buffer, pH 8.3. In the technique of Novikoff et al., 
the pellets were resuspended in 4 ml of sucrose solution of the 
same molarity used in the particular fractionation step. The 
pellets from the fractionation method of Claude were resuspended 
in 4 ml of water with the pH adjusted to 8.3 by the addition of 
NaOH. Each 4-ml fraction represented 10 ml of original ho- 
mogenate; the results are corrected to the volume of the original 
homogenate. All fractionation procedures were carried out at 
1-3°. 

In the fractionation with sodium deoxycholate, the protein 
nitrogen content of the microsomal fraction was determined by 
the method of Lowry e¢ al. (11) and the calculated amount of a 
solution of 5% sodium deoxycholate (prepared in 0.2 m glycyl- 
glycine at pH 8.0) was added to provide 0.75 mg deoxycholate 
per mg protein N (12). The mixture was homogenized, allowed 
to remain in an ice bath for 10 to 15 minutes, diluted to 12.5 ml 
with water at 0°, and centrifuged at 105,000 x g for 2 hours. 
The supernatant was removed by suction and the residue was 
suspended in 0.2 m glycylglycine to the original volume (12.5 
ml). Further attempts at fractionation were made by the 
methods outlined by Hamilton and Petermann (13) and by Las- 
kov et al. (14). As another phase of this study, the ribonucleo- 
protein preparations were treated by the methods of Loring et al. 
(16) for the purification of tobacco mosaic virus. 

In Table I, the results with the method of Hogeboom (8) with 
swine kidney are summarized; it is apparent that the gluta- 
thionase, the cysteinylglycinase, and the alkaline phosphatase 
are concentrated with the microsomes. In this particular case, 
the units of activity according to assays of this laboratory are 
given; the assay of glutathionase was with 0.012 m glycylglycine 
as the acceptor with 0.003 m glutathione, 0.001 mM magnesium 
acetate at pH 8.0 in 0.01 m Tris buffer; the time of incubation 
was 30 minutes and the reaction was stopped by the addition of 
trichloroacetic acid to a final concentration of 5%. Cysteine 
plus cysteinylglycine was determined by the method of Sullivan 
and Hess (15) and the units are calculated as mmoles of cysteine 
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TABLE I 
Distribution of activities in swine renal tissue 


Tissues were homogenized and fractionated by the methods of 
Hogeboom (8). The International centrifuge, model PR-2, with 
the No. 269 head was used for removal of nuclei (2000 r.p.m. for 
10 minutes), the multispeed attachment for the PR-2 was used 
for the collection of mitochondria (9200 r.p.m. for 10 minutes), 
and the Spinco model L ultracentrifuge with the No. 30 rotor 
was used for the collection of microsomes (25,000 r.p.m. for 60 
minutes). The fractions were suspended in 0.1 m Tris buffer, 
pH 8.0, and a sample of each was digested with 1 mg trypsin plus 
1 mg chymotrypsin per ml of suspension for 1 hour at 37° before 
assay. Two controls, the unincubated fresh suspension and an 
incubated control (37°, 1 hour), were assayed at the same time. 


Mitochon- | 
dria 


Treatment Homogenate| Nuclei | Supernatant 
Cysteinylglycinase, units/ml 
Digested....... 12.9 | 1.8 | 26.0 | 2.4 
Alkaline phosphatase, ug/ml/min 
Glutathionase, umoles/ml 
SEER Cee 36 | 66 | 5.9 | 44 0 
40 | | 49 0 
Digested....... 40 | 5.9 | 6.7 | 48 0 
II 


Localization of enzymes in rat and swine kidney tissue 
Rat and swine kidney tissue was homogenized and fractionated 
by the methods of Hogeboom (8) as described in Table I; swine 
kidney also was fractionated by the method of Claude (9). The 
activity of the original homogenate was considered as 100% in 
each case; the activity of the rat kidney homogenate was about 
threefold that of the swine kidney homogenate. 


% Glutathionase |“ Cysteinylglycin- «phosphatase 
Fraction Swine Swine Swine 
Rat Rat Rat 

Claude Claude Claude 
30-336 72 | 30 38 23) 21 63 
Mitochondria...!| 58 27 60 | 24 1. 36 27; 87 
Microsomes..... 100 200 97) 6H S| «140) | 181 
Supernatant....|. 7 10 7 20 4) 2B 


plus cysteinylglycine released per minute. For alkaline phos- 
phatase, the unit was defined as the amount of enzyme which 
liberated 1 y of phosphorus (as inorganic phosphate) per minute 
at 38° when the concentration of sodium-6-glycerophosphate was 
0.02 m, the concentration of magnesium ions was 0.005 Mm, and 
the pH was 9.5 (ethanolamine-HC] buffer, 0.02 m). For cystein- 
ylglycinase, the unit was defined as the amount of enzyme which 
hydrolyzed half the substrate (0.02 m) in 15 minutes at pH 8.0 
in Tris buffer (0.03 m) and with 0.001 M manganous ion; the total 
volume of the digest was 10 ml and the activity was calculated 
on the basis of the amount of enzyme in the total digest. Cys- 
teine released in the hydrolysis of cysteinylglycine was deter- 


mined by the method of Sullivan and Hess (15). In the further 
description of fractionations, percentages of the activity of the 
original homogenate, rather than units, are given. In Table J] 
a comparison of swine and rat kidneys is given; the results 
are qualitatively similar and would appear to justify our con. 
tinued use of swine kidney even though it was not possible to 
process swine kidney with the same speed as rat kidney. How. 
ever, the activities in rat kidney were approximately three times 
those of swine kidney per g of tissue. In these studies, and in the 
other studies described below, it was constantly observed that 
the sum of activity of the various fractions was often two- to 
threefold that of the original homogenate. As has been pointed 


out in an earlier publication (17), the proteolytic digestion of the — 
insoluble material of swine kidney resulted in a many fold in- 


crease of peptidase and phosphatase activity. It is also possible 
that various inhibitors are removed by the fractionation proce. 
dure. Some of the problems concerned with the release of the 
activities from the microsomal particles are discussed below. In 
Table II, the results with the method of Claude (9) with swine 


kidney are also summarized; as might be expected, the results ; 


are less clean-cut than with the method of Hogeboom but, quali- 
tatively, the conclusions are the same. Next, the somewhat 


more elaborate methods of Novikoff et al. (10) were used to be © 
certain beyond reasonable doubt that all the activities were © 
associated with the fraction commonly described as microsomes; | 
the results are given in Table III and, as expected, the activities — 
are found associated primarily with the microsomal fraction — 
Thus, it would seem clear that these enzymes are indeed a part — 


TABLE III 
Localization of activities by procedures of Novikoff et al. 


The six- and ten-fraction procedure of Novikoff et al. (10) was 
used with the International centrifuge, model PR-2, with the 


No. 269 head and multispeed attachment and the Spinco model L | 


centrifuge with the No. 30 rotor and the No. SW39L rotor. Rela- 
tive centrifugal force values are given as the average for the tubes 
used. Activities are expressed as percentages of the activity of 
the original homogenate. Bold type figures are those of the six- 
fraction procedure. 


Nuclei 18 9 2 211 
Nuclei 14 6 5 594 
Mitochondria 19 13 6 1,035 
Mitochondria 19 11 9 1,800 
Mitochondria 21 13 12 3,200 
Mitochondria 20 11 9 5,000 
Mitochondria 23 17 18 5, 180 
Mitochondria 27 20 17 8, 890 
Mitochondria plus micro- 28 20 20 | 22,000 
somes 
Mitochondria plus_ micro- 44 31 35 24,200 
somes | 
Mitochondria plus’ micro- 80 55 33 27,700 
somes 
Mitochondria plus micro- 46 55 36 | 105,400 
somes 
Microsomes 63 52 133 | 120,000 
Supernatant 16 14 21 
7 19 4 


i 

?P 

he 

ty 

oat 

| pa 


No. 4 


further 
of the 
able I] 
results 
ur Con- 
sible to 

How. 
e times 
d in the 
ed that 
two- to 


pointed © 
n of the 


fold in- 
possible 
proce- 


> of the © 
ow. In 
h swine © 
results 


t, quali- 
mewhat 
d to be 


es were 


‘osomes; 
ctivities 
fraction. 


d a part 


t al. 
(10) was 
with the 


model L 


Rela- 
he tubes 
tivity of 
the six- 


Relative 
centrifugal 


force 


211 
594 
1,035 
1, 800 
3, 200 
5, 000 
5, 180 
8 , 890 
22, 000 


24,200 


27, 700 


April 1961 


TaBLeE IV 
Separation of activities by treatment with deoxycholate 


F. Binkley 


A microsomal fraction prepared by the methods of Hogeboom 
(8) was subjected to treatment with deoxycholate according to 
the procedure of Littlefield et al. (12). Activities are expressed 
as percentages of the activity present in the original microsomal 


suspension. 
Fraction yo Phosphatase 
Supernatant ‘‘lipoprotein”’........ 113 24 12 
Residue ‘‘ribonucleoprotein’’...... 18 103 110 
TABLE V 


Hamilton-Petermann purification of ribonucleoprotein 


Ribonucleoprotein particles separated by the deoxycholate 
procedure were subjected to the procedure of Hamilton and 
Petermann (13) for the purification of rat liver ribonucleoprotein. 
Activities are expressed as percentages of the activity of the 
original homogenate of ribonucleoprotein. 


Centrifuged 3 times from phosphate-Mg 
Centrifuged from phosphate-0.005 m Ba 
Centrifuged at 8000 X g 


*The absorbancy of the supernatant at 260 my and 280 my 
was 12.2 and 9.8, respectively; the values for the residue were 
10.8 and 8.2. The content of protein N as indicated by the 
method of Lowry et al. (11) was 0.17 mg per ml for the residue and 
0.13 mg per ml for the supernatant. 


of the microsomal fraction and were not present as an artifact of 
the particular method of fractionation. 

The next step was to determine whether the activities were 
associated with the lipoprotein particles or with the nucleopro- 
tein particles of the microsomal fraction; the results of treatment 
with deoxycholate are given in Table IV. There was a surpris- 
ingly sharp separation of the glutathionase from the cysteinyl- 
glycinase and the alkaline phosphatase; these results have con- 
firmed anew the fact that the cysteinylglycinase is not necessary 
for the activity of the glutathionase. 

The next stage of the study, the purification of the ribonucleo- 
protein particles, was undertaken with the method of Hamilton 
and Petermann (13); in this method there was little or no loss of 
activity with either alkaline phosphatase or cysteinylglycinase 
throughout the total procedure, but in the final step, after 72- 
hour dialysis, the bulk of the activity was found in the residue 
(Table V). Absorbancy in the ultraviolet was almost equal for 
the supernatant and the residue as was the protein content; ap- 
parently, the method serves to separate the activities from some 
type of ribonucleoprotein and is certainly deserving of more 
attention. In further attempts to purify the ribonucleoprotein 
particles, a method of phenol extraction as outlined by Laskov 
é al. (14) was used; the yield of ribonucleic acid from kidney 
tissue was extremely small and, in the process, all activity was 
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destroyed. At another attempt at purification or dissociation 
of the particles, or both, the methods used by Loring et al. (16) 
for the centrifugation of tobacco mosaic virus were tried; the 
results are given in Table VI. No activity, and little or no ma- 
terial absorbing in the ultraviolet, was found in the supernatant 
solutions; any dissociation that may have resulted yielded only 
sedimentable particles. It is of interest, however, that the 
activities were rather stable under these conditions; it had been 
found previously that repeated washings of the ribonucleoprotein 
particles did not reduce the activity as a phosphatase or as 
cysteinylglycinase. 

Up to this point, little evidence had been obtained that the 
cysteinylglycinase and the alkaline phosphatase were in separate 
particles. One would surmise, of course, that such would be the 
case and evidence for the nonidentity of particles was obtained 
by centrifugation of a washed microsomal fraction in sucrose 
solutions of various molarity. In Fig. 1 the results are given; 
centrifugation was for one hour at 25,000 r.p.m. in the No. 30 
head of the Spinco centrifuge and the results are expressed in 


bd 


PERCENT REMAINING 


025 050 O75 100 125 150 

SUCROSE MOLARITY 
Fic. 1. Removal of activities by centrifugation from different 
concentrations of sucrose. Per cent activity remaining in the 
supernatant after 1 hour of centrifugation at 25,000 r.p.m. in the 
No. 30 head of the Spinco model L centrifuge is plotted against — 
the molarity of the sucrose solution. 


TaBLeE VI 
Attempted dissociation of activities by prolonged centrifugation 


Ribonucleoprotein fractions prepared by the deoxycholate 
procedure were subjected to prolonged centrifugation in glass- 
distilled water and in 0.005 m EDTA*. The material was centri- 
fuged for periods of 1.5 hour at 40,000 r.p.m. in the No. 40 rotor 
of the model L Spinco centrifuge for a total of 4.5 hours in each 
medium. Activities of the resuspended material are expressed 
as percentages of that of the original homogenate; no activity 
was detected in the supernatant solutions. 


Cysteinylglycinase Phosphatase 
Centrifugation 
Water EDTA Water EDTA 
hrs 
1.5 100 100 95 68 
3.0 115 112 78 60 
4.5 95 92 80 40 


* The abbreviation used is: EDTA, ethylenediaminetetraacetic 


acid. 
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TABLE VII 


Enzymatic release of activities 


A suspension of washed microsomes in a 0.01 m Tris buffer, 
pH 8.0, was digested at 37° for 24 hours with 1 mg per ml of en- 
zyme as indicated, with chloroform and toluene as preservatives. 
The suspension was then centrifuged at 54,450 X g for 1 hour and 
the material removed by centrifugation (‘‘residue’’) was resus- 
pended in 0.01 m Tris buffer to the original volume. Results are 
expressed as percentages of the activity originally present in the 
microsomal suspension. 


Cysteinylglycinase Phosphatase 
Digest 

Residue Supernatant, Residue Supernatant 
| 103 1 108 l 
Chymotrypsin........... | 66 47 41 70 
Ribonuclease............ 46 68 35 y2 
Ribonuclease plus chy- 

37 116 24 95 


terms of the amount of activity remaining in the supernatant 
solution. It is clear that the phosphatase and cysteinylglycinase 
are associated with different particles; there is, of course, no 
implication that either activity is associated with particles of 
uniform size.? 

Release of Activities from Tissue Particles—Although the glu- 
tathionase appears to be resistant to proteolysis, it is unstable at 
room temperature and the release of this activity from lipopro- 
tein particles by enzymatic methods is difficult to study. On the 
other hand, the alkaline phosphatase and the cysteinylglycinase 
are stable at room temperature in the partially purified state 
and one may study the enzymatic release of these activities 
from the ribonucleoprotein particles of swine kidney. As was 
described in an earlier publication (17), the cysteinylglycinase 
activity may be released from washed acetone powder of swine 
kidney by a number of proteolytic enzymes and, indeed, it was 
found that the activity increased markedly as the enzyme was 
released into solution. With washed microsomes or ribonucleo- 
protein particles, proteolytic enzymes are not nearly so effective 
in the release of activity and prolonged digestion is required to 
achieve a significant release. In Table VII, results with several 
enzymes are given. In this study, washed microsomes were 
digested for 24 hours with 1 mg of the indicated enzyme per ml] 
of digest and the material was centrifuged at 54,000 x g for 1 
hour; the supernatant solution and the resuspended residue were 
tested for activity. Ficin and chymotrypsins were of equal 
efficacy in the study illustrated, but ficin has been found to be 
the most predictable; digestion with chymotrypsin often failed 
to release significant amounts of activity. Trypsin was not 


2 In the opinion of some reviewers of this manuscript, the al- 
kaline phosphatase may be thought to be derived from the brush 
border fragments of tubular cells and any association with the 
ribonucleoprotein may be fortuitous. As is illustrated in Fig. 1, 
the cysteinvlglycinase and alkaline phosphatase behave quite 
differently in centrifugation from sucrose solutions of different 
molarity. The association of cysteinyvlglycinase with ribonucleo- 
protein particles has been confirmed with various systems in- 
cluding Escherichia coli (personal communication from DD. J. 
MecCorquodale) and the separation of alkaline phosphatase and 
evsteinylglycinase by centrifugation may indicate a different 
association for the alkaline phosphatase. 


effective. As would be expected, digestion with ribonuclease 
plus ficin (or plus chymotrypsin) was more effective than diges. 
tion with proteolytic enzymes alone. However, it should be 
noted that the yields of released activity at 24 hours with 1 mg 
of proteolytic enzyme per ml of digest were not much greater 
than that indicated with the particles alone! With washed 
kidney acetone powder, a many fold release of activity was 
found at 3 hours with much less proteolytic enzyme. Obviously, 
other factors are concerned with the release of the activities from 
the particles. In confirmation of this conclusion it was found 


that the washed microsomes when suspended in the supernatant | 


fluid were digested rapidly by ficin with a release of over 200% 


of the activity of the suspended microsomes in 3 hours of di- — 
gestion; as was expected (17), the activity originally found in the | 


supernatant was destroyed by the digestion with ficin. These 


studies are being continued to determine the optimal conditions © 
for the enzymatic release of the activities from tissue particles, | 
Preparation of Glutathionase—Frozen swine kidneys obtained — 


from local slaughter houses were permitted to thaw at room 


temperature and were dissected free of connective tissue. The | 
kidneys were blended in 0.1 M magnesium chloride at room tem. | 


perature in the ratio of 200 g of kidney per liter. Sodium lauryl 


sulfate, 0.56 mg per ml, was added to the homogenate and the | 


temperature was maintained at 37° for 2 hours. The mixture 
was stored at 4° for 24 hours, then centrifuged at 1000 xX g for 


45 minutes at 0° in the International centrifuge, model PR-2. — 
The supernatant solution (“Extract’’) was then dialyzed for 12 _ 
hours at 4° against frequent changes of distilled water. For | 
each 100 ml of dialyzed extract, 30 ml of cold ethanol was added © 


and the precipitate was collected by centrifugation and dissolved 
in 0.1 m Tris buffer, pH 8.0. For each 100 ml solution, 12.5 g 


kaolin was added, the mixture was shaken for 15 minutes and 


centrifuged for 30 minutes in the PR-2 centrifuge at top speed. 
To the supernatant solution (“Kaolin supernatant’’) was added 
an equal volume of saturated ammonium sulfate at 0°; the re- 


sulting precipitate was collected and dissolved in a minimal © 


amount of 0.1 m Tris buffer, pH 8.0. The material obtained to 


this point represented a 40- to 50-fold purification; the material | 


was soluble in 0.1 m buffers, pH 8 or higher. During electro- 
phoresis on paper with buffers of 0.02 M, the activity was strongly 
absorbed by the paper and no purification was achieved. Fur- 
ther purification was possible by zone electrophoresis with starch 
buffered at pH 8.0 with 0.02 m Tris. The starch trough was 
1 X 7 X 45 em and the electrophoresis was operated at 1000 
volts; approximately 10 ma with water at 2° circulated through 
the base of the trough. After 6 to 8 hours, the starch block was 
cut into segments of 1 em in width, each segment was mixed with 
0.1 m Tris buffer, pH 8.0, and the starch was removed by cen- 
trifugation. Up to 100 mg of protein could be handled in this 
manner with sharp separation of the active material. A typical 
purification run is given in Table VIII. <A typical purification 
by electrophoresis is shown in Fig. 2. The final product appears 
to be stable in the cold and could be stored in solution at or near 
0° for extended periods ranging up to 3 vears without appreciable 
loss of activity. 

Properties of Purified Glutathionase—The absorbancy of the 
purified material is given in Fig. 3; the marked absorbancy at 
270 mu may indicate the presence of nucleotides. The pH-actir- 
ity studies of the purified material revealed a sharp optimum at 
pH 8.0; this is in contrast with the crude enzyme which showed 
little or no difference in activity in the range of pH from 8 to 10. 
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In contrast to the crude preparations, the purified materials were 
without activity below pH 7. The requirement for an acceptor 
was found to be absolute; there was no hydrolysis of glutathione 


in the absence of an appropriate amino acid or peptide. 


In 


Table IX the activity with various acceptors is listed; the gly- 
eine and methionine series were extended to include several 
compounds of interest and a number of amino acids that appear 
to be inactive (below 10% of the activity of glycylglycine) are 
listed. The failure of the purified material to hydrolyze glu- 
tathione below pH 7 in the presence of an acceptor, or to hy- 
drolyze in the absence of an acceptor at optimal pH values, would 


VIII 
Purification of glutathionase 
Preparation Volume | Protein Bm ae 
ml mg/ml units pron 
Homogenate..................5.. 1220 | 21.2 | 31,000 1.2 
Dialyzed extracts................ 1140 | 8.0 | 42,000 4.6 
Ethanol precipitate.............. 750 | 3.1 | 28,300; 12.2 
Kaolin supernatant.............. 670 | 1.6 | 29,000) 27.0 
(NH,)2SO, precipitate. .......... 300 | 0.86 | 13,400 | 52.0 
Electrophoresis product......... 185? 


| Assay as described in text with glycylglycine as the acceptor 


2See Fig. 1. 


MG PROTE/N == 


CM MIGRATION 


UNITS ACTIVITY EY 


Fic. 2. Electrophoretic purification of glutathionase on starch. 
1000 volts at 10 ma for 3 hours, each cm eluted with 10 ml of buffer; 


protein and activity expressed as per ml eluate. — 


0.3 

0.2 


280 


240 260 


300 


Fic. 3. Absorption spectrum of glutathionase. Preparation 
Was from electrophoretic purification and had a specific activity 
of about 200 umoles glutathione per mg protein with glycylglvcine 


as the acceptor. 


TaBLe IX 
Specificity of purified glutathionase toward acceptors 
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Acceptor* Relative activity 
% 
Glycine series: 
10 
Glycine ethyl ester........................ 0 
63 
60 
8 
Methionine series: 
100 
99 
pL-Methionine sulfoxide................... 76 
85 
95 


*L compounds tested at 0.06 M; DL compounds at 0.012 m. 
Inactive compounds (below 10% of the activity of glycylglycine) 
were: L-alanine, DL-alanine, 8-alanine, u-valine, L-leucine, L- 
isoleucine, pu-norleucine, gamma aminobutyric acid, L-serine, 
DL-serine, L-threonine, pi-threonine, L-aspartic acid, L-aspara- 
gine, ut-glutamic acid, L-proline, ui-hydroxyproline, .-lysine, 
L-histidine, L-tyrosine, L-phenylalanine, pu-phenylalanine, L- 
tryptophan, and pL-phenylaminobutyric acid. 


TABLE X 
Acceptor specificity of glutathionase during purification 


Acceptor activity* 


Preparation 
Arginine Glutamine | Methionine 
(NH,4)2SO, precipitate.......... 36 52 72 
Electrophoresis product........ 33 53 71 


* Activities are expressed as percentage of that with glycylgly- 
cine as the acceptor under standard conditions of assay. 


argue that the hydrolysis of glutathione in the absence of an 
acceptor as observed in the crude prepartions is caused by a 
separate enzyme or, in part, by the presence of endogenous ac- 


ceptors in the crude preparations. 


A question of some interest is whether or not a variety of 
glutathionases with considerable acceptor specificity might be 
present in kidney tissue; in Table X the relative activities at 
several stages of purification are listed. 
there had been no separation of the activities and one may con- 
clude that the physical similarities are such as to make separation 
difficult or that the activities are associated with one enzyme. 
Another point of interest, whether or not the peptidase associated 


It is apparent that 


=) 
| 
20 
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TABLE XI 
Inhibition by phthaleins 
Acceptor 
Sulfonphthaleins Mg/ml 
Argi- | Gluta- |Methio- |Glycyl- 
nine mine nine | glycine 
inhibition 
Phenol 0.05 | 4 24 11 
0.10 7 15 15 13 
Dichlorophenol 0.05 9 16 20 4 
0.10 24 32 30 20 
Dibromophenol 0.05 0 17 10 0 
0.10 16 17 29° 12 
Dibromodichlorophenol 0.05 13 21 16 14 
0.10 45 47 46 35 
Tetrabromophenol 0.05 17 20 25 15 
0.10 34 43 43 35 
Tetrabromophenol-tetra- 0.05 47 55 53 43 
bromo 0.10 78 87 78 89 
Tetranitrophenol 0.05 8 9 14 4 
0.10 15 21 24 19 
m-Cresol 0.05 23 15 15 12 
0.10 31 27 27 14 
o-Cresol 0.05 56 41 24 19 
0.10 91 60 44 25 
Dibromo-o-cresol 0.05 29 15 19 11 
0.10 41 45 37 24 
Tetrabromo-m-cresol 0.05 78 84 78 74 
0.10 100 100 94 88 
Thymol 0.05 50 33 31 15 
0.10 100 86 77 42 
Dibromothymol 0.05 17 19 12 12 
0.10 65 53 45 31 
Phthaleins 
Phenol 0.05 8 7 0 
o-Cresol 0.05 14 11 12 8 
0.10 28 21 22 12 
a-Napthol 0.05 17 14 15 5 
0.10 32 32 33 8 
Tetraidophenol 0.05 39 11 14 0 
0.10 52 19 22 4 
Phenol-disulfonate-tetra- 0.05 27 30 28 27 
bromo 0.10 40 45 44 40 


with the glutathionase in microsomes is essential for activity, 
would seem to have been answered in the negative; the purified 
preparations were devoid of cysteinylglycinase activity and 
cysteine was not found as a product of the hyd 
thione. 


rolysis of gluta- 
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The purified glutathionase was inactive in the absence of added 
magnesium ions. Under the conditions described for routine 
assay, Maximal activity was found with 0.001 M magnesium ion, 
Other bivalent ions including Zn, Ni, Mn, Co, Fe, and Cu were 
ineffective or inhibitory. Ethylenediaminetetraacetate in a con- 
centration of 0.003 mM was found to inhibit completely in the 
presence of 0.001 M magnesium ion. 

Studies of Inhibitors—The inhibition of the purified enzyme 
by various phthaleins was checked to determine whether or not 
the previously reported inhibitions (2) were some artifact of 
permeability or other physical properties of the crude system, 
As may be observed in Table XI, various sulfonphthaleins were 
potent inhibitors; the cresol sulfonphthaleins were much mor 
potent than the phenol sulfonphthaleins and, with the limited 
examples available, the thymol compounds would appear to be 
less active than the cresol compounds. 
fonphthalein was the tetrabromo-m-cresol derivative (brom 
cresol green). In Table XI, results with a smaller group 


of phthaleins are also reported; in general, the phthaleins ap. 


peared to be less potent inhibitors than the sulfonphthaleins, 
The most active phthalein was tetrabromodisulfonate phenol 
tetrabromophthalein (bromsulphalein). It is of interest. that 
bromsulphalein was the only phthalein with significant inhibition 


with glvcylglycine as the acceptor; the sulfonphthaleins did not — 
appear to differ greatly in inhibitory properties with the acceptor © 
In Fig. 4 bromsulphalein and brom cresol green, the two } 
most potent inhibitors, are compared on a molar basis with — 


used. 


glycylglycine as the acceptor; it is apparent that brom cresol 
green is a much more potent inhibitor. Sayre and Roberts (18) 
have reported that the two compounds were about equally potent 
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Fic. 4. Comparison of bromcresol green (BCG) and bromsulph- 
alein (BSP) as inhibitors with glycylglycine as acceptor under 
standard conditions of assay. 


TaBLE XII 
Reversal of inhibition of bromcresol green 
Concentration of bromcresol green was 2 X 10-5 M, the time of 


incubation 30 minutes at 37°, with the molarity of glycylglycine © 


as indicated. The concentration of GSH was 0.003 m and the 
concentration of enzyme was 0.1 mg protein per ml of digest. 


Glutathione hydrolyzed 
Molarity glycylglycine Inhibition 
With Control 
umoles 

0.012 1.4 25.5 

0.024 8.4 30.5 

0.048 13.9 28.1 

0.096 17.3 26.5 
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in the inhibiton of the phosphate-activated glutaminase of kidney 
tissue. These workers reported that the phthaleins were com- 
petitive with the phosphate; no phosphate is present in the gluta- 
thionase system and phosphate has been found to be without 
effect at lower levels and to be inhibitory at higher levels. It 
was found, however, that the inhibition by phthaleins was com- 
petitive with the acceptors; as is illustrated in Table XII, the 
inhibition by brom cresol green was overcome by an increase in 
the concentration of glycylglycine. 

In Table XIII, studies with miscellaneous inhibitors are sum- 
marized; it is apparent that the compounds studied, including 
penicillin, are not particularly potent inhibitors. With a crude 
system (19) it was possible to demonstrate marked effects of 
alkali metal salts upon the activity; sodium and potassium salts 
were found to have different effects. As is evident from Table 
XIV, sodium, potassium, and lithium salts do not differ in the 
inhibition of the purified system. These contrasting results 
with the crude and purified systems may indicate that the micro- 
somal particles bearing the crude system have a differential 
permeability to these ions. 


TaB_LeE XIII 
Miscellaneous inhibitors 
Acceptor 
Inhibitor* 

Arginine '|Glutamine — 
% inhibition 
44 24 24 27 
p-Aminobenzoic acid........ 3 3 11 13 
p-Aminohippurate........... 3 11 32 13 
Sulfanilamide............... 5 3 9 1 
Sulfathiazole................ 50 47 33 17 
Sulfadiazine................. 37 18 15 6 
Eserine sulfate.............. 66 42 51 46 
36 22 13 19 
4 3 0 6 
Acetylcholine iodide......... 11 14 7 6 
Indolebutyric acid........... 32 23 20 23 
Diiodotyrosine.............. 17 24 12 25 
Serotonin creatinine sulfate. . 30 26 15 27 
p-Fluorophenyl-alanine...... 4 0 0 4 


* Each inhibitor tested at concentration of 1.0 mg per ml. 


TABLE XIV 
Inhibition by alkali metal chlorides 
Acceptor 
Salt Molarity : 
Arginine Glutamine 
% inhibition 
LiCl 0.2 24 25 23 27 
0.4 57 52 60 57 
0.8 63 70 61 69 
NaCl 0.2 21 18 23 27 
0.4 56 54 58 55 
0.8 62 64 59 68 
KCl 0.2 18 18 25 14 
0.4 48 49 60 55 
0.8 58 63 59 65 
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TABLE XV 
Resistance of glutathionase to enzymatic attack* 
Enzyme % Activity lost 
3 hr 21 hr 
25 


* Glutathionase, about 1 mg of protein per ml, was digested 
with 4 mg per ml crystalline enzyme as indicated at 37° in 0.1 m 
Tris buffer, pH 8.0, and assay was under standard conditions 
with glycylglycine as the acceptor. 


Resistance to Enzymatic Attack—In a study of the resistance of 
glutathionase to enzymatic attack, samples of the purified ma- 
terial were digested at 37° and pH 8.0 with a variety of enzymes 
and the glutathionase activity was determined at 3 and 21 hours; 
the results are given in Table XV. Although there was a loss of 
activity in the presence of certain enzymes, there was a much 
greater loss in the absence of enzymes. Proteins of a wide 
variety of sources and composition will serve to prevent the loss 
of activity at 37°; with a protective level of inert protein and with 
a less than protective level of proteolytic enzymes, it is possible 
to demonstrate a “destruction” of the activity by proteolytic 
enzymes. The results given in Table XY were obtained with 
4 mg of enzyme per ml of glutathionase; protection with trypsin 
or chymotrypsin failed at 21 hours with 0.5 mg of enzyme per 
ml. 


SUMMARY 


The glutathionase of swine kidney has been purified about 200- 
fold and has been found to require magnesium ion and an acceptor 
for the y-glutamyl] radical for activity; there was no activity 
below pH 7 or in the absence of an acceptor. Four classes of 
acceptors represented by glutamine, glycylglycine, methionine, 
and arginine have been recognized; there was no separation of 
activities during the purification insofar as these classes of ac- 
ceptors were concerned. Various compounds were studied as 
inhibitors; several phthaleins, particularly bromsulphalein and 
bromocresol green, were found to be effective inhibitors. The 
inhibition by phthaleins was competitive with the acceptor com- 
pounds and was reversed by the addition of compounds such as 
glycylglycine. By centrifugation techniques, glutathionase was 
found to be associated with lipoprotein particles of the micro- 
somes whereas cysteinylglycinase and alkaline phosphatase were 
found to be associated with the ribonucleoprotein particles. 
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Thus far, three methods have been used for the extraction of 
the parathyroid hormone from bovine parathyroid glands (2-4). 
The first was that introduced by Collip in 1925 (2) in which hot 
dilute hydrochloric acid was the extracting agent. Further 
purification of such acid extracts has proven difficult, but recently 
the purification of parathyroid polypeptides from such extracts 
has been reported (5). These polypeptides (parathormone A) 
range in molecular weight from 3800 to 5200 and undoubtedly 
represent fragments of a larger native hormone (6). As early 
as 1955, Davies and Gordon (3) recognized the possibility that 
the difficulty encountered in purifying hydrochloric acid extracts 
might be due to partial acid hydrolysis of certain labile peptide 
bonds, and decided for this reason, to use hot 80% acetic acid 
as an extracting agent. Some further purification of such acetic 
acid extracts has been achieved by ultrafiltration (3) and zone 
electrophoresis (7). It is the purpose of this report to describe 
the isolation of an active polypeptide from acetic acid extracts of 
bovine parathyroid hormone. The data indicate that this poly- 
peptide (parathormone B) has a molecular weight of approxi- 
mately 7000 and is composed of 62 amino acid residues. Fur- 
thermore, a comparison of the amino acid composition of this 
polypeptide with that of the pure polypeptide (M. W. 9450, 83 
amino acid residues) obtained from phenol extracts of bovine 
glands (6) indicates that the present polypeptide (parathormone 
B) is undoubtedly a fragment of the larger phenol-extracted ma- 
terial (parathormone C). This is of interest in that it indicates 
that hydrolysis of certain labile peptide bonds occurs during the 
extraction of parathyroid hormone with hot 80% acetic acid. 


EXPERIMENTAL PROCEDURE 


The preparation of crude acetic acid extracts (7), zone elec- 
trophoresis, dialysis, and countercurrent distribution were car- 
ried out by methods previously described (6, 7).! 

For some of the studies, material prepared by zone electro- 
phoresis (7) was subjected to countercurrent distribution. How- 
ever, in later experiments a modified method for the fractiona- 
tion of crude acetic acid extracts was used. In this procedure, 
the active fraction obtained by acetone precipitation (3, 7) was 


* Supported by a grant (A-1953) from the National Institute for 
Arthritis and Metabolic Diseases, National Institutes of Health, 
United States Public Health Service. A brief account of part of 
this work was presented at a symposium on February 6, 1960, at 
the Rice Institute in Houston, Texas (1). 

1 The crude gland extracts used in this work were prepared by 
Merck and Company, Rahway, New Jersey. 


taken up in 30% acetic acid, inert protein precipitated by the 
addition of saturated NaCl to a final NaCl concentration of 
12%, the active material precipitated by the further addition of 
NaCl to a final concentration of 17%, and the addition of 30% 
trichloroacetic acid to a final concentration of 10%. The pre- 
cipitate was washed twice with 8% trichloroacetic acid, and 
dissolved in 1 M acetic acid. This solution was extracted once 
with ether (peroxide-free) and lyophilized. 

For the countercurrent distribution studies, three different 
solvent systems were employed: (a) 1.00% NaCl-6.0% acetic 
acid versus 1:1 n-propanol-n-butanol (6 parts of NaCl-acetic 
acid to 4 parts of alcohols): (6) equal parts of 6% acetic acid- 
0.5% NaCl versus 1.25:1 n-butanol-n-propanol, and (c) pyridine- 
butanol-0.1% acetic acid (3.5:5:12). The analysis of protein, 
recovery of material, and desalting were done as previously 
described (6). Paper electrophoresis was carried out by the 
method of Kunkel and Tiselius (8). The buffers used were: (a) 
0.1 M pyridine acetate, pH 3.8, (6) 0.05 m Tris, pH 8.6; and (c) 
0.1 M NasCO;, pH 11.2. Urea was added to all the buffers to a 
final concentration of 6 M as suggested by Redfield and Anfinsen 
(9) to diminish adsorption of protein to the paper. Amino acid 
analysis, tryptophan analysis, ultracentrifugation, and biological 
assays were done by methods previously described (6). 


RESULTS 


When parathormone B (220 to 250 units per mg, dry weight) 
prepared by zone electrophoresis (7) was subjected to counter- 
current distribution in a salt-acetic acid system (System 2) for 
100 transfers, the pattern shown in Fig. 1 was obtained. Only 
the material with the partition coefficient (K) 0.23 had significant 
biological activity (1200 to 1600 units per mg, dry weight). 
This material sedimented as a single boundary in the ultracen- 
trifuge (Fig. 2). The molecular weight estimated by the Archi- 
bald method was 7000 + 1000. It migrated as a single spot 
when analyzed by paper electrophoresis at pH 11.2, 3.8, 8.6 
(Fig. 3). The amino acid composition of an acid hydrolysate is 
recorded in Table I (CCD-1).? 

When subsequent samples of parathormone B were subjected 
to countercurrent distribution for a greater number of transfers 
(500 to 1000) the distribution pattern was less sharply defined, 
which indicated that transformation of the polypeptide was 
taking pla_e. For this reason and in the hope of shortening the 


2 The abbreviation used is: CCD, countercurrent distribution. 
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units per mg, dry weight (when converted to the acetate salt), 


0.125 Ultraviolet absorption at 277 mu A similar sample was distributed for 1023 transfers in the same 
> x-----x Theoretical distribution solvent system with the results shown in Fig. 5. The peak with 
a 0.100 K of 1.77 contained the biological activity. The material had 
& a specific activity of 1200 to 1800 units per mg, dry weight, 
OW 0,075 When this material was redistributed for 300 transfers in the 
3 i pyridine system (System 3), the results recorded in Fig. 6 were 
et oe 

0,025}- 


Tube number 
Fic. 1. The countercurrent distribution of electrophoretically 
purified parathormone B in 6°% acetic acid-0.5° NaCl versus 
n-butanol-n-propanol (1.25:1). 


Fic. 3. Paper electrophoresis of parathormone B carried out ina 
0.01 mM sodium acetate-0.01 m glycine-6 mM urea buffer, pH 3.8. The 
upper pattern (B) was that obtained with a sample of parathor. 
mone B purified by countercurrent distribution. The lower pat- 
tern (U.F.) was obtained with a sample of crude ultrafiltrate 
before purification. 


TABLE I 
Amino acid composition of parathyroid polypeptides (parathormone 
B) obtained from acetic acid extracts of bovine 
parathyroid glands 

The columns headed parathormone A and C indicate the cal- 
culated amino acid composition of pure parathyroid polypeptides 
obtained from hydrochloric acid extracts (5) and phenol extracts 
(6), respectively. Tryptophan was determined spectrophotomet- 
rically (10). 


Amino acid 
ccD-1 | CCD-4 B A 
5.70 5.50 6 9 3 
Histidine............ 1.80 1.75 2 4 1 
Ammonia............ 7.46 6.22 6 2 
Arginine.............. 3.27 2.88 3 5 2 
Aspartic acid........ 6.44 5.38 6 9 3 
Threonine........... 2.13 2.12 2 1 l 
4.87 4.80 5 6 3 
Glumatie acid....... 7.42 7.17 8 11 4 
2.10 2.44 2 2 
3.68 3.66 4 4 2 
Fic. 2. The ultracentrifugal diagram obtained with a sample of Alanine.............. 5.96 | 5.08 6 ¢ 3 
parathormone B prepared by countercurrent distribution (tubes Half-cystine......... 0.00 0.31 0 0 0 
13-25, Fig. 1). The experiment was carried out ina 0.1m glycine Valine............... 3.39 3.62 4 8 2 
hydrochloride buffer, pH 3.8. The diagrams recorded were ob- Methionine.......... 1.49 1.63 2 2 1 
tained at (a) 16, (6) 64, (c) 192, and (d) 440 minutes, respectively. Isoleucine........... 2.07 | 2.08 2 3 1 
5.64 5.55 8 3 
isolation procedure, the crude extracts were prepared by the Tyrosine............ 0.96 1.01 1 1 1 
alternate method described above. Phenylalanine....... 2.03 1.92 2 2 1 
The trichloroacetic acid salt of the crude parathormone B was Tryptophan. ........ 0.91 
subjected to CCD in a salt-acetic acid system (System 1) for a | 33 
total of 110 transfers with the results shown in Fig. 4. Here, Se no as - 
the biological activity was associated with the peak with a K of . 
ular weight...... 6943 9438 3778 
1.68. This material had a biological activity of 1200 to 1600 : . il 
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obtained. Only the material in tubes 60 to 90 had significant 
activity but the specific activity of this material was no greater 
than the starting material (1200 to 1600 units per mg) even 
though it represented only approximately 25% of the original 
material. This suggested that, in this pyridine system, trans- 
formation and inactivation of the hormone occurred. In spite 
of this, it was possible to rerun the active material from the first 
pyridine CCD (tubes 60 to 90, Fig. 6) with the results shown in 
Fig. 7.. The small amount of material recovered from tubes 28 


O.D. 
277 mu 
0.300 F- 


0.200/- 


0.100;- 


0) 20 40 60 80 
Tube number 


100 


Fic. 4. The countercurrent distribution of crude trichloroacetic 
acid-precipitated parathormone B for 110 transfers in 6% acetic 
acid-1.0% NaCl versus n-butanol-n-propanol (1:1). 


O.D. 
CCD of PTH-B 
1200+ Solvent system: 1.0 butanol 
1.0 propanol 


6.0% HOAc 


1023 transfers 
Upper phase 2.6 ml. 
0.800 


20 " 


1.000 1.0% Nacl | 


0 100 


200 300 400 500 600 70 80 HO 1700 


Tube number 


Fic. 5. The countercurrent distribution of (CCD) of trichloro- 
acetic acid-precipitated parathormone B for 1023 transfers. 


06 
Lower 


40 80 120 160 200 240 280 
Tube number 


Fic. 6. The countercurrent distribution of purified parathor- 
mone B (tubes 605-675, Fig. 5) for 300 transfers in a system of 
pyridine-0.1% acetic acid-n-butanol (3.5:12:5). 
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K=0.27 


Weight 
mqg. /mi. 0.3 


0.2 


Tube number 


Fic. 7. The redistribution of parathormone B (tubes 60-90, 
Fig. 6) in the pyridine system. 


to 40 was analyzed for its amino acid composition after acid 
hydrolysis with the results recorded in Table I (CCD-4). Also, 
for comparison, the calculated amino acid composition of the 
parathyroid hormone C obtained from phenol extracts (6) and 
of a parathormone A from HC] extracts (5) are noted in Table I. 


DISCUSSION 


It is obvious that no completely satisfactory method for the 
isolation, in good yield, of pure parathormone B has been de- 
veloped. However, from the data reported it is apparent that 
the small amounts obtained from CCD by either of two methods 
(Fig. 1 and Fig. 7) have the same amino acid composition (Table 
I) except for minor discrepancies. For instance, there is a dis- 
crepancy of approximately one aspartic acid and one alanine 
residue between the two sets of data, and a small amount of 
cystine in one of the preparations. This latter fact indicates 
that, in all likelihood, this particular preparation is contaminated 
with a small amount of nonhormonal peptide. This contamina- 
tion may well account for the minor discrepancies between the 
two sets of data. Alternately, the discrepancies between the 
alanine and aspartic acid values may represent a true difference 
in the amino acid content of the two polypeptides. The calcu- 
lated residues, per molecule of parathormone B, of valine, leucine, 
and glutamic acid appear to be too high on the basis of observed 
amino acid content, but it is known that these values are also 
low in samples of parathormone C hydrolyzed for 22 hours, but 
do increase on more prolonged hydrolysis (6). For this reason, 
the calculated values are probably the correct ones. 

The amino acid data, and the homogeneity of one of the prep- 
arations by ultracentrifugation and paper electrophoresis, in- 
dicate that we are dealing with a relatively pure polypeptide. 
A comparison of the calculated amino acid composition of para- 
thormone B with that of parathormone C indicates that in all 
likelihood, B is a fragment of C. The only striking discrepancy 
is the threonine value, which in the parathormone B is consist- 
ently 2 residues, whereas in various preparations of the para- 
thormone C (6), the content of threonine has been consistently 
less than 1 residue (0.39 to 0.50). This apparent discrepancy 
could be explained by the hypothesis that both parathormone C 
and parathormone B are fragments of a still larger protein in the 
parathyroid gland, and that during extraction there is a slight 
difference in the site of peptide bond hydrolysis. More likely 


is the supposition that parathormone C is the “native” hormone, 
and that it contains two threonine residues which for unknown 
reasons are destroyed during acid hydrolysis, whereas the same 
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threonine residues are stable during the hydrolysis of parathor- 
mone B, or certain preparations of parathormone A (5). 

It is noteworthy that 80% acetic acid will rupture certain 
labile peptide bonds. It may be that this reagent will be of some 
use in the controlled chemical degradation of peptide chains. 


SUMMARY 


An active polypeptide (parathormone B) has been isolated 
from acetic acid extracts of bovine parathyroid glands. It has 
an estimated molecular weight of 6943 + 300 and the following 
tentative empirical formula: Lyss, Hise, Args, Aspe, Thre, Sers, 
Glus, Pros, Glys, Alas, Valy, Methe, Ileu2, Leus, Tyr, Phes, Trypt, 
and (-CON 
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The cell wall of a bacterium is generally understood, at the 
cytological level, to be a rigid outer layer which gives the organ- 
ism its characteristic size and shape and does not include the 
extracellular slime or capsule so often encountered among bac- 
terial species. The “microcapsule,” a term of convenience for 
immunologically but not morphologically demonstrable prop- 
erties of the bacterial surface, also is not considered part of the 
cell wall proper (2). The chemical composition of wall prepara- 
tions may depend in part upon the operations and conditions 
used in their isolation. In our previous study (3) we have in- 
cluded the ribonuclease, trypsin, and pepsin digestion steps of 
Cummins and Harris (4) as part of our cell wall isolation proce- 
dure. Although this enzymatic digestion would solubilize any 
nonrelated protein contaminants, the possibility of partial de- 
gradation of integral cell wall components is not excluded. The 
removal of ‘‘microcapsular’” components from cell wall prepara- 
tions of type 14, group A hemolytic streptococcus by tryptic 
digestion, or even simple extraction with water, has been clearly 
demonstrated by Barkulis and Jones (5). Furthermore, Brown 
(6) has shown that treatment as mild as lyophilization is suf- 
ficiently drastic to render part of the cell wall of Streptococcus 
faecalis and of a Pseudomonas species subsequently soluble in 
water, presumably through disturbing its hydrogen bond struc- 
ture. 

In spite of the difficulty of determining when, and to what 
extent, degradation of the native cell wall may have taken place, 
it is clear from a number of studies that bacterial cell walls are 
heteropolymeric in nature (2). We are concerned at the present 
with the gram-positive organisms. A type of polymer occurring 
ina number of bacterial cell walls is the unusual trichloroacetic 
acid-soluble teichoic acid described by Armstrong et al. (7) that 
contains either a ribitol phosphate or glycerol phosphate back- 
bone and has reducing sugars or amino sugars and alkali-labile 
D-alanine as substituents. Recently, Janczura et al. (8) have 
described a different type of polymer from Bacillus subtilis cell 
wall, a wall which also contains a teichoic acid moiety (9). This 
substance contains equimolar amounts of glucuronic acid and 
N-acetylgalactosamine and the name teichuronic acid has been 
suggested for it. 

A structure which seems to be a common, if not universal, 
feature in walls of gram-positive organisms is an insoluble pep- 


* Supported in part by a grant (E-1575) from the United States 
Public Health Service. Presented in part at the Forty-fourth 
meeting of the Federation of American Societies for Experimental 
Biology, Chicago, Illinois, April 1960 (1). 


tide-substituted amino sugar polymer, in which the peptide is 
made up of the few principal cell wall amino acids (2), and for 
which peptide-containing nucleotides of the nature described by 
Park (10) are probably biosynthetic intermediates (11). This 
type of moiety, which has been termed a mucopeptide (12), seems 
to be the role component of the cell wall of Micrococcus lyso- 
deikticus since 94 to 97 % of the wall can be accounted for in terms 
of alanine, glutamic acid, glycine, lysine, N-acetylglucosamine, 
N-acetylmuramic acid, and glucose (the latter amounting to only 
4%), and all of the components seem to be linked together by 
covalent bonds (12). 

From the aforesaid, it is apparent that the bacterial cell wall is 
a complex of polymers, the character of which varies from organ- 
ism to organism. In this paper are reported the results of the 
partial chemical degradation of the cell walls of several lactic acid 
bacteria and the bearing of these studies on this general problem. 


EXPERIMENTAL PROCEDURE 


Materials and Methods 


Preparation of Cell Walls—Cell walls of Lactobacillus plantarum 
17-5 (ATCC 8014), Streptococcus faecalis R (ATCC 8043), and 
Lactobacillus casec (ATCC 7469) were obtained by sonic dis- 
ruption of lyophilized cells, followed by treatment of the resulting 
insoluble fraction with ribonuclease, trypsin, and pepsin as 
described previously (3). 

Qualitative Detection of Components—Cell wall fractions were 
hydrolyzed and the hydrolysates examined qualitatively by paper 
chromatography for amino acids and sugars as described pre- 
viously (3). 

Quantitative Methods—Total phosphorus was determined by 
the Fiske-SubbaRow method (13), total reducing sugar (as glu- 
cose) by the colorimetric anthrone method (14), and rhamnose 
by spectral measurements in 79% sulfuric acid (3). Total 
alanine was determined microbiologically with Leuconostoc 
citrovorum (15) and p-alanine with p-amino acid oxidase (3). 


RESULTS 


Extraction of L. plantarum Cell Walls with Various Reagents— 
As shown in Table I, most of the reagents tried (acetic acid, 
sodium bicarbonate, urea, guanidine, Duponol C, phenol), al- 
though they solubilized from 10 to 28% of the cell wall, were not 
effective in solubilizing much of the phosphorus or reducing sugar 
of the cell wall. Sodium hydroxide had a more profound action 
and this is reported in greater detail below. In contrast to the 
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TABLE I 
Extraction of Lactobacillus plantarum cell wall with various agents 
Samples (50 mg) of L. plantarum cell walls were extracted with 
5 ml of reagent under the conditions listed. After the extraction 
period, the mixtures were centrifuged and the precipitates washed 
2 to 3 times with 2.5 ml portions of 1% acetic acid and lyophilized. 


Insoluble residue 

| wall phorus (20 
| cose) 
| 
| % 

None | 100 | 2.6 | 15 

Acetic acid, 1% 1 hr at 25° 90' 2.5) 16 

NaHCoQs;, 0.1 1 hr at 25° 842.6 15 

NaOH, 0.1 N 1 hr at 25° 6411.8; 10 

Urea, 8M 1 hr at 25° 72 | 2.4); 12 

Guanidine-HCl, 2.6 m 1 hr at 25° 77 | 2.35) 12 

Duponol 2% hr at 25° 75|2.0) 14 

Phenol-water (4:1)? 1 hr at 25° 2.3) 14 

TCA, 7% (weight per volume)* | 1 hr, at 25° 76 |} 2.3) 13 

TCA, 20% (weight per vol- 1 hr at 25° 68 | 1.8 9 
ume) 

TCA, 40% (weight per vol- | 1 hr at 25° 64 | 1.4 6 
ume) 

TCA, 60% (weight per vol- 1 hr at 25° 58 | 1.0 5 
ume) 

TCA, 100% (weight per vol- 1 hr at 25° 48 | 0.5 2 
ume )4 

TCA, 5% (weight per volume) 15 min at 90° | 52 | 0.5 2 

TCA, 5% (weight per volume) 15 min at 90° 49 | 0.5 2 

| (twice) 


* Trade name of sodium lauryl] sulfate (E. I. du Pont de Ne- 


mours and Company, Inc.). 
>’ Ratio denotes 4 volumes of melted phenol to 1 volume of 


water. 
¢ Per cent (weight per volume) denotes grams of solute per 100 


ml of solution. 

4 Since the insoluble residue did not centrifuge down in this 
medium, the mixture, after the extraction period, was diluted 
with an equal volume of water before centrifugation. 


action of sodium hydroxide, which did not solubilize all the cell 
wall phosphorus and reducing sugar, is the degradation by TCA.! 
Increasing concentrations of TCA were increasingly effective in 
solubilizing the phosphorus and reducing sugar, and at 100% 
weight per volume TCA almost complete solubilization of these 
components was achieved. Heating the cell wall with 5°, TCA 
at 90° for 15 minutes either once or twice gave a similar result. 

Comparison of Hot and Cold TCA Extractions of Cell Walls of L. 
Plantarum and S. Faecalis—As shown in Table II, with larger 
amounts of cell walls, extraction with hot 5% TCA seems to be 
superior to extraction at room temperature with 100% TCA in 
that a more thorough extraction was achieved and the recovery 
of nondialyzable, soluble material was greater. Because of these 
results and the fact that the high density of the 100% TCA made 
centrifugation of the insoluble material difficult, subsequent 
fractionations were carried out with hot 5% TCA. 

Hot TCA Extraction of Cell Wall and Sodium Hydroxide Treat- 
ment of TC A-Insoluble Residue—The results in Table III again 


1 The abbreviation used is: TCA, trichloroacetic acid. 
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TABLE II 


Comparison of hot and cold TCA extractions of Lactobacillus 
plantarum and Streptococcus faecalis cell walls 


Lyophilized wall samples were extracted under the conditions 
listed below. The soluble fraction was extracted with ether to 
remove most of the TCA, then dialyzed in cellophane tubes 
against 1% acetic acid at 4°. The nondialyzable fraction was 
lyophilized and the dialyzable material concentrated to a small 
volume in a vacuum, and the concentrate extracted with ether and 
lyophilized. 


| Nondia- | Dialyz- Revove 

Organism Conditions of extraction of wall 

of extract of extract, Welght 

of wall 
L.. plantarum 5% hot TCA? 49 13 | 30 92 
L. plantarum | 100% cold TCA? 55 | ) | 17 81 
S. faecalis 5% hot TCA* 33 | 29 | 19 81 
S. faecalis 100% cold TCA’, 40 | 


@ 500 mg of cell wall extracted twice with 50-ml portions of 5% 
(weight per volume) TCA at 90° for 15 minutes each time, then 
centrifuged. 

’ 400 mg of cell wall extracted for 1 hour with 40 ml of 100% 
(weight per volume) TCA at 25°, then diluted with 40 ml water 
and centrifuged. 


TABLE III 


Hot TCA extraction of cell wall and NaOH extraction 
of TCA-insoluble residue 
Cell walls were extracted with 100 times (by weight) of 5% 
(weight per volume) TCA at 90° for 15 minutes and the mixture 
centrifuged. The insoluble (1) was washed with acetone, ether, 
and dried. The soluble fraction was dialyzed against 1% acetic 


acid at 5° and the nondialyzable fraction (II) lyophilized. The — 


TCA-insoluble residue (I) was extracted with 100 times the 
amount of 0.1 N NaOH for 1 hour at 25° and the mixture centri- 
fuged. The residue (III) was washed with 1% acetic acid, ace- 
tone, ether, and dried. The extract was acidified with acetic 
acid and the resuling precipitate (IV) washed with acetone, ether, 
and dried. 


| "TCA on cell wall ‘NaOH 
| | 


Properties of fraction 


Lactobacillus Yield, percentage 52 | ll | 39. 4 
plantarum of cell wall | 
_ Phosphorus 0.5 | 5.9 | 
Reducing sugar¢ 2 43 | 
| Total alanine 11.0 
| p-Alanine | 44 ee | 
| 
Streptococcus | Yield, ieee 33 29 | 23 | 4 
faecalis of cell wall | | | | 
Phosphorus 0.75) 1.5 | 
Reducing sugar* | 4.5 68 
Total alanine 9.1 1.4 | 
p-Alanine 3.6 
Lactobacillus — Yield, percentage 34 50 26 0.7 
caset of cell wall | 
Phosphorus 0.4 | 0.2 
Reducing sugar?) 64 


* Expressed as glucose. 
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show that hot TCA extracts almost all of the reducing sugar of 
the cell wall, leaving very little, if any, in the insoluble residue 
(I). Most of the phosphorus also has been solubilized, except in 
the case of L. caset, which had very little phosphorus in the cell 
wall originally. Solubilization of the reducing sugar and phos- 
phorus is consistent with the solubility of the teichoic acids in 
Paper chromatography of hydrolysates of the residue 
(I) showed this fraction to contain the principal cell wall nitroge- 
nous components, 2.e. alanine, glutamic acid, aspartic acid, lysine, 
and amino sugar in the case of S. faecalis and L. casei, and alanine, 


TCA (9). 
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glutamic acid, a,e-diaminopimelic acid, and amino sugar in the 
case of L. plantarum, together with traces of other amino acids. 
Sodium hydroxide extracted a small amount of material from the 
Acidification of this extract led to the 
precipitation of material ([V) which was poorer in ¢omponents 
associated principally with cell walls, i.e. amino sugar and a,e- 
diaminopimelic acid (in the case of L. plantarum), and richer in 


TCA-insoluble residue. 


other amino acids such as leucine. 


This would suggest that a 


small amount of protein material is associated with our cell wall 
The residue (III) remaining after sodium hy- 


preparations. 


TaBLeE IV 


Extraction of cell wall with sodium hydroxide followed by treatment of resulting fractions with hot TCA 


Cell walls were extracted with 100 times their weight of 0.1 N sodium hydroxide for } hour at 25° and the mixtures centrifuged at 


18,000 X g for 15 minutes. 


The precipitate (V) was washed twice with 50 times portions of 0.1 N sodium hydroxide, then thrice 


with 40 times portions of 1% acetic acid, and lyophilized. The sodium hydroxide extract and washings were combined, acidified 
with acetic acid,* dialyzed against 1% acetic acid at 4°, and the nondialyzable material (VI) lyophilized. Fractions V and VI were 
treated with hot TCA asin Table III yielding insoluble residues VII and IX, respectively, and soluble nondialyzable Fractions VIII 
and X, respectively. 


NaOH on cell wall 


Hot TCA on Fraction V 


Hot TCA on Fraction VI 


Organism Property of fraction 
( nondialyzable) ( nondialyzable ( nondialyzable) 
Lactobacillus Yield, percentage of cell wall 64 18 49 4.5 2 4 
plantarum Reducing sugar? 10 34 1 47 8 42 
Phosphorus 1.8 4.6 0.3 6.0 0.3 4.1 
Rhamnose <1 25 ~2 26 
Rhamnose/phosphorus, mole ra- <0.1 1.0 <0.1 1.2 
tio 
Other non-N carbohydrates Glucose Glucose None Glucose 
Ribitol Ribitol Ribitol 
Ninhydrin-reacting compo- + (+)¢4 + _ +e Traces 
nents*° 
Streptococcus Yield, percentage of cell wall 70 21¢ 25 27 5 7 
faecalis Reducing sugar? 38 40 0 59 10 58 
Phosphorus 1.3 3.6 1.0 2.0 1.5 3.4 
Rhamnose 24 15 39 24 
Rhamnose/phosphorus, mole ra- 3.5 0.8 3.7 1.3 
tio 
Other non-N carbohydrates Glucose Glucose None Glucose 
Ribitol Glycerol — Ribitol 
Glycerol? | (Ribitol) 4 Glycerol? 
Ninhydrin-reacting compo- + (+)¢ + Amino sugar +¢ Traces 
nents*¢ 
Lactobacillus Yield, percentage of cell wall 76 14 29 27 2 6 
caset Reducing sugar® 38 34 2 54 5 70 
Phosphorus 0.3 1.5 0.3 0.1 1.2 0.4 
Rhamnose 28 29 3 53 51 
Rhamnose/phosphorus, mole ra- 18 3.7 100 24 
tio 
Other non-N carbohydrates Glucose Glucose None Glucose 
Ninhydrin-reacting compo- + (+)4 + Amino sugar +e — 


nent* 


* With certain batches of S. faecalis cell walls, as much as 18% of a protein precipitate was obtained upon acidifying the sodium 
hydroxide extract (1). 2 
’ Expressed as glucose. 
¢ Includes the principal ninhydrin-reacting substances of the cell wall except where specifically designated. No attempt was made 
to determine the amount of each component. 
‘Parentheses indicate a weaker qualitative reaction. 
‘ Leucine or isoleucine, or both, seem to be more prominent in this fraction than in V or VII. 
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TABLE V 
Estimate of amount of various moieties in cell wall 
| } Fraction (% of cell wall) 
Organism | Treatment of cell wall or fraction senteniinies 
III or VII IV or IX or both VIII x 
Lactobacillus plantarum Hot TCA on cell wall ° 52 ° 48 (A )*——e 
NaQOH on I (III + IV) 39 13(A) 
NaQH on cell wall 64 
° 36(A) ° 
25 (A) 23 (A) 
Hot TCA on V (VII + VIII) 49 3(A) 15(A) 33 (A) 
Average 44 8 20 28 i 
Streptococcus faecalis Hot TCA on cell wall ° 33-— ° ° 67(A)-—e 
NaOH on I (III + IV) 23 10(A) 
NaOH on cell wall . 70 . 
30(A) 
47(A) 20(A) 
Hot TCA on V (VII + VIII) 25 8(A) 45(A) 22(A) 
Average 24 9 46 21 
an 
Lactobacillus casei Hot TCA on cell wall 34 —66(A)-— L. 
NaOH on I (III + IV) 26 8(A) bo th 
NaOH on cell wall 6 Col 
24(A) rib 
50(A) 16(A) 
Hot TCA on V (VII + VIII) 29 5(A) 47(A) 19(A) ee 
Average 27.5 6.5 48.5 17.5 we 
* Calculations are based solely on the residue yields obtained in each step since the soluble fractions seem to undergo more extensive (w 
degradation (see text). (A) Shows that the figures were obtained by subtracting residue values from 100 or from differences pre- ’ 
viously determined in this manner. «me 
san 
droxide treatment of the TCA-insoluble residue contained only ment of Resulting Fractions with Hot TCA—Whereas hot TCA me 
the principal nitrogenous cell wall components and thus repre- treatment of the cell wall caused a rather clean separation of the _ pep 
sents the mucopeptide fraction of the cell wall. carbohydrate components from the peptide components, a dif- _in « 
The TCA-soluble polysaccharide components of the cell wall ferent result was obtained when the cell walls were treated with TC 
will be considered in greater detail in connection with the sodium sodium hydroxide. As shown in Table IV, both the soluble and _ider 
hydroxide treatment of the cell wall. However, mention should insoluble fractions resulting from the sodium hydroxide treat- fron 
be made at this point of their nitrogenous constituents since the ment contained both carbohydrate and peptide, which could be bot 
alanine component of the teichoic acids is extremely labile to separated from each other by subsequent treatment with hot in tl 


alkali (9, 16). Fraction II was hydrolyzed with hydrochloric 
acid and examined for ninhydrin-positive components. That 
from L. plantarum showed only alanine while that from S. 
faecalis and L. casei showed both alanine and amino sugar. The 
configuration of the alanine in Fraction II from L. plantarum and 
S. faecalis was examined and found to be completely p (see Table 
III), thus confirming the findings reported by Armstrong et al. (7) 
of the occurrence of p-alanine in the teichoic acids. However, 
it is clear from Table III that not all of the p-alanine of the cell 
wall is combined in the teichoic acid fraction since the muco- 
peptide-containing fraction (I) also contained an appreciable 
amount of this component. 

Judging from the low total recoveries of Fractions I and II in 
the case of L. plantarum and S. faecalis, it is apparent that hot 
TCA has caused considerable degradation of the cell wall with the 
formation of soluble dialyzable fragments. The degradation 
seems to have taken place principally within the teichoic acid 
moiety since p-alanine (together with lysine in the case of S. 
faecalis) was the principal amino acid found in the dialyzable 
fraction after hydrolysis. 

Sodium Hydroxide Extraction of Cell Walls Followed by Treat- 


TCA. In each case, the sodium hydroxide separated the cell 
wall polysaccharides (degraded to the extent that they no longer _ 
contained b-alanine) into two fractions differing in composition. _ 
Thus, in the case of L. plantarum, a rhamnose-containing poly- 
saccharide (X) is associated with the sodium hydroxide extract 
(VI) of the cell wall whereas the polysaccharide (VIII) associated | 
with the sodium hydroxide-insoluble residue (V) contains little, — 
if any, rhamnose. The presence of a second polysaccharide in — 
the cell wall of L. arabinosus (L. plantarum) has been indicated — 
by Baddiley.2. S. faecalis cell wall seems to be composed of 4 | 
rhamnose-rich ribitol-teichoic acid (VIII) containing, in addition, 2 
glucose and amino sugar, and a glycerol-teichoic acid (X) com 
taining glucose, less rhamnose, and apparently no amino sugar. — 
The presence of both a glycerol- and ribitol-teichoic acid in the © 
cell wall of S. faecalis is consistent with other reports (7). So | 
dium hydroxide treatment of L. casei cell wall likewise gives rise 
to two different polysaccharide fractions, both containing glucose — 


2 I am indebted to Professor J. Baddiley, University of Dur- 
ham, Newcastle upon Tyne, England, for sending an advance 
copy of an address delivered during a symposium at Rutgers 
University, New Jersey, in September 1960. 
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(275), (485) 7.5) 
TCA TCA, NAOH TCA NAOH 


Fic. 1. Interrelationships of the various cell wall moieties 
showing points of attack by TCA and NaOH. Figures in paren- 
theses indicate the approximate percentage of each component. 


and rhamnose, but one (VIII) also containing amino sugar. The 
L. caset cell wall polysaccharides, however, are different from 
those of the other organisms in that they are low in phosphorus 
content and contain no demonstrable amounts of glycerol or 
ribitol (see also (3)). What little phosphorus is present in the 
cell wall of this organism seems to be associated with the peptide 
fraction (IX) and could be bound as phosphomuramic acid, a 
compound which has been isolated from the protein fraction 
(which included the cell wall) of L. caset (17). 

The peptide Fraction VII resulting from the hot TCA treat- 
ment of the sodium hydroxide-insoluble residue V is probably the 
same as Fraction III resulting from the sodium hydroxide treat- 
ment of the TCA-insoluble residue I, and represents the muco- 
peptide moiety of the cell walls. However, one feels less secure 
in considering IX, the peptide fraction resulting from the hot 
TCA treatment of the sodium hydroxide-soluble material (VI) 
identical with IV, the peptide extracted by sodium hydroxide 
from the TCA-insoluble residue I, although the hydrolysates of 
both fractions show leucine, for example, to be more abundant 
in these fractions than in III or VII. 

General Conclusions Regarding Polymeric Constitution of Cell 
Walls—Based on the data presented in Tables III and IV, esti- 
mates of the amounts of the various moieties in the cell walls are 
given in Table V, and a diagrammatic presentation of the results 
of the present study is given in Fig. 1. 


DISCUSSION 


Information regarding the nature of the teichoic acids present 
in the cell walls of the three organisms included in this study is 
summarized in Table VI. The results are consistent with the 
view that L. plantarum (arabinosus) contains only the ribitol 
type, S. faecalis contains both the ribitol and glycerol types, and 
L. casei contains neither type. The absence of a teichoic acid, as 
defined by Armstrong et al. (7), and the presence of a large 
amount of reducing sugar in the cell wall of L. casei make it 
apparent that the cell wall of this organism must contain another 
type of polysaccharide, as was pointed out earlier (3). How 
widespread the occurrence of nonteichoic acid-type polysac- 
charides in the cell walls of gram-positive bacteria might be is not 
known. Furthermore, since the results of sodium hydroxide 
treatment presented here indicate that each of the organisms 
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studied has at least two different polysaccharides in its cell wall, 
the polysaccharide picture is further complicated. Before any 
definitive information regarding the structures of these poly- 
saccharides can be obtained, efforts must be directed toward 
their fractionation and isolation in pure form. Dilute sodium 
hydroxide seems to show promise in this area. It suffers from 
the disadvantage that it causes a loss of the alkali-labile p-ala- 
nine known to be part of the polysaccharide structure. 

Although part of the p-alanine and amino sugar (and perhaps 
lysine) of the cell walls occurs in the polysaccharide fractions, the 
majority of the amino acids (p- and L-alanine, p-glutamic acid, 
p- and L- aspartic acid, L-lysine, a,¢-diaminopimelic acid) and 
amino sugars (glucosamine, galactosamine, muramic acid) of the 
cell walls of gram-positive bacteria, occur in the TCA-insoluble, 
sodium hydroxide-insoluble mucopeptide fraction. Whether 
this fraction exists as one moiety in the cell wall or is a mixture 
consisting of more than one type of polymer is difficult to say. 
Nevertheless, because of its apparently common yet unique 
occurrence in bacterial cell walls, a suitable designation of this 
substance should be useful even though it has not as yet been ex- 
actly defined chemically. This question has been discussed by 
Salton (2) who suggests that muramic peptide or muramic polysac- 
charide, depending upon the preponderance of peptide or polysac- 
charide, may be more useful and descriptive terms. In order to 
avoid confusion of the characteristic cell wall mucopeptides with 
the rather ill-defined names given to protein-polysaccharide com- 
plexes in general, and in order to avoid placing any particular 
obvious emphasis on either their peptide or polysaccharide na- 
ture, the name teichoin is suggested as a collective term for these 
substances regardlesss of where they occur. The name implies 
“‘wall protein” and has the advantages of being a logical counter- 
part to the term teichoic acid, and being less restrictive, in a 
chemical sense, than the terms suggested by Salton. 


SUMMARY 


The extraction of Lactobacillus plantarum cell wall by acetic 
acid, trichloroacetic acid (TCA), sodium bicarbonate, sodium 
hydroxide, urea, guanidine, Duponol C, and phenol was studied. 
TCA and sodium hydroxide were the most effective in solubilizing 
the carbohydrates and phosphorus. 

Treatment of the cell walls of Lactobacillus plantarum, Strepto- 
coccus faecalis, and Lactobacillus casei with hot 5% TCA resulted 
in almost complete solubilization of the polysaccharide compo- 
nents. Extraction of the TCA-insoluble residue with sodium 
hydroxide resulted in a small amount of soluble protein-like ma- 
terial and an insoluble mucopeptide residue containing most of 
the cell wall amino acids and amino sugars. 


TaBLeE VI 
Summary of available information regarding teichoic acid types in 
cell walls of Lactobacillus plantarum, Streptococcus faecalis, 
and Lactobacillus caset 


Organism S. faecalis L. casei 
Gl - Gl - Gly- 
Type Ribitol | | Ribitol| | Ribitol) 
Reference 3............| + ? + ? ~ _ 
Reference 7............ + + 
Footnote 2............. + ? 


| April 1961 
FRACTION IK ANQor IZ x 
D-ALANINE 
7 PT] RHAMNOSE 
DE} | RIBITOL-PO, | 
(44) (20) (g) (28) 
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Treatment of the cell walls with dilute sodium hydroxide at 
room temperature gave rise to a soluble and an insoluble fraction, 
each of which contained both a polysaccharide component and a 
protein-like material or mucopeptide. 


or none of the polysaccharide component. 
the polysaccharide components in the sodium hydroxide-soluble 
and -insoluble fractions showed major differences in composition 
between the two and indicate that each of these cell walls con- 
tains at least two distinct polysaccharides. 

Estimates of the relative proportions of the various moieties 
which make up the cell wall are given and the results of the 
present study are presented diagrammatically (Fig. 1). 

The name teichoin is provisionally suggested for the muco- 
peptide fraction of the cell walls of gram-positive organisms. 
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Recently a new addition to the ever growing list of naturally 
occurring amino acids was reported. An acidic aromatic amino 
acid, a(m-carboxypheny])-glycine was isolated from the bulb of 
Iris tingitana var. Wedgewood (1). It was also found to be 
present in another variety, White Perfection. In both these 
varieties, the amino acid was not detected in the protein frac- 
tions. This paper describes the synthesis of pL-a(m-carboxy- 
phenyl)-glycine and its N-acetyl and N-chloroacetyl derivatives 
and indicates their behavior toward p-amino acid oxidase, L- 
amino acid oxidase, hog kidney acylase, and carboxypeptidase A. 


EXPERIMENTAL PROCEDURE 


The synthesis was accomplished conveniently by using as 
starting material m-toluic acid which was oxidized with chromic 
acid in the presence of acetic anhydride and glacial acetic acid 
(2). The resulting diacetate of isophthalaldehydic acid was 
hydrolyzed with sulfuric acid to the corresponding aldehydic 
acid. Themethyl ester was then prepared and this was converted 
to the aminonitrile by the Strecker synthesis with a mixture of 
NaCN and NH,Cl (3). Hydrolysis of the resulting aminonitrile 
yielded the desired amino acid which was purified by passage 
through Dowex 50 in the hydrogen form. Final purification was 
obtained by ion exchange chromatography on Dowex 1 in the 
acetate form with acetic acid as eluting agent (4). The amino 
acid crystallizes readily from water-ethanol. It forms crystalline 
N-acetyl and N-chloroacety! derivatives. 

The free amino acid was not acted upon by b- or L-amino acid 
oxidase, whereas a synthetic sample of the next higher homo- 
logue, a(m-carboxyphenyl)-alanine, was oxidized by L-amino 
acid oxidase at approximately one-fourth the rate observed 
with t-leucine as standard (5). The N-acetyl derivative of 
a(m-carboxypheny])-glycine did not serve as a substrate for hog 
kidney acylase. Likewise, carboxypeptidase A was inactive to- 
ward the N-chloroacetyl derivative. It was found that the 
pbL-alanine homologue was resolved by leucine aminopeptidase 
through its diamide (5). This work is being extended tow ard 
the resolution of the glycine compound. 

The synthetic a(m-carboxyphenyl)-glycine gave identical in- 
frared spectra, and cochromatographed in several solvent sys- 
tems with a racemized sample of the isolated natural isomer (1). 

Titration studies of pL-a(m-carboxyphenyl)-glycine showed 
that pK.’ for the aromatic carboxy] is 3.9, pK3’ for the amino 
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tional Institutes of Health, Bethesda, Maryland. 
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Beltsville, Maryland. 
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tural Research Service, Ithaca, New York. 


group is 9.1, and pK,’ for the a-COOH is less than 2, probably 
around 1.5. The isoelectric point is therefore about 2.7. 

Diacetate of Isophthalaldehydic Acid—This compound was pre- 
pared by a procedure similar to that used for the preparation of 
the diacetate of p-nitrobenzaldehyde (2) with 235 ml of glacial 
acetic acid, 283 ml (3 moles) of acetic anhydride, 24.5 g (0.18 
mole) of m-toluic acid, 43 ml of concentrated H:SO,, and 50 g 
(0.5 mole) of chromium trioxide. The oxidation was accom- 
plished at 5° in an ice-salt bath. At the completion of the reac- 
tion, the mixture was poured into 2 liters of chipped ice and 
water, resulting in a volume of 2.5 to 3 liters. This mixture was 
extracted with three 300-ml portions of benzene. The extracts 
were dried with anhydrous Na2SO, and evaporated under re- 
duced pressure. The residue was dissolved in 100 ml of benzene, 
300 ml of petroleum ether were added, and the mixture was cooled 
in the icebox. The crystals were washed with petroleum ether 
and air-dried: weight, 23 g (50% of theory). After being reerys- 
tallized three times from ethy] acetate-petroleum ether and dried 
in a vacuum over P.Os, the product melted at 129-130°. 


Calculated: C 57.15, H 4.80 
Found: C 57.44, H 5.01 


Isophthalaldehydic Acid—A mixture of 23 g (0.091 mole) of 
the diacetate of isophthalaldehydic acid, 50 ml of ethyl alcohol, 
50 ml of water, and 5 ml of concentrated H.»SO, was refluxed for 
30 minutes and cooled. The crystals were repeatedly washed 
with cold H.O and dried in a vacuum over P.O;: weight, 11.8 g 
(87.4% of theory). After recrystallization twice from hot water 
and decolorization with activated charcoal, the compound melted 
at 174-175° (6). 

Isophthalaldehydic Acid Methyl Ester—A solution of 7.5 g 
(0.05 mole) of isophthalaldehydic acid in 100 ml of ether was 
treated with diazomethane prepared from 14.7 g (0.1 mole) of 
N-methyl-N-nitroso-N’-nitroguanidine. The crude methyl ester 
weighed 8.2 g (100% of theory). After decolorization with 
charcoal and threefold recrystallization from petroleum ether, 
it was dried in a vacuum over P,O;; melting point, 52-53° (6). 

DL-a(m-Carboryphenyl)-glycine—This compound was prepared 
by a procedure based on that used for the preparation of a-phen- 
yiglycine (3). To 1.96 g (0.04 mole) of NaCN and 2.35 g (0.044 
mole) of NH,Cl in 8 ml of H.O there was added a solution of 6.6 
g (0.04 mole) of the methyl ester of isophthalaldehydic acid in 
10 ml of hot methyl alcohol. The mixture was refluxed for 1 
hour and held at room temperature overnight with mechanical 
shaking. Then 40 ml of concentrated HCl were cautiously added 
(with good ventilation in a hood) and the mixture was evaporated 
in &@ vacuum on a water bath. The residue was refluxed with 
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100 ml of 6 N HCl for 2 hours. The hydrolysate was filtered 
and the filtrate evaporated to dryness ina vacuum. The residue 
was dissolved in water; the solution was neutralized with 20% 
NaOH to pH 6.0, filtered, and passed through a column (32 xX 
27 cm) of Dowex 50-X4, 50 to 100 mesh, in the hydrogen form. 
The resin was washed with deionized water. The amino acid 
was eluted from the column with 2 N NHs,OH. The eluate was 
evaporated to a small volume, chilled overnight, and, after re- 
moval of a light brown precipitate, decolorized with charcoal 
and concentrated to a small volume. 

This concentrate in a volume of 25 ml was applied at the top 
of a Dowex l-acetate column (25 * 3 em). Distilled water 
(150 ml) was passed through the column at the rate of 5 ml per 
minute. Then the eluting fluid was changed to 0.5 N acetic 
acid, and 10-ml] fractions were collected at a flow rate of 1 ml 
per minute. At tube 99 the eluting fluid was changed to 2 N 
acetic acid. From each tube a 10-yl portion was spotted on 
filter paper. The spots were developed with ninhydrin. The 
m-carboxyphenylglycine was found in tubes 111 through 129 
which were combined and evaporated to dryness in a vacuum. 
The residue was recrystallized from hot water. The product 
(1.97 g) was recrystallized three’times from 50% ethyl alcohol 
and dried over P.O; in a vacuum. It melted at 210—-211° with 
decomposition. 


CyH,OwN 


Calculated: C 55.38, H 4.65, N 7.18 
Found: C 55.20, H 4.91, N 7.13 


reacted with nin- 
hydrin with the liberation of 1 mole of COz per mole. It is in- 
soluble in chloroform, ether, and benzene, very slightly soluble 
in ethyl alcohol, and soluble in water. It reacts with ninhydrin 
on paper at room temperature to give within the first 10 minutes 
a yellow color which gradually changes to a typical blue color. 
After chromatography, the final ninhydrin color on paper de- 
pends on the solvent used. For instance, with phenol it became 
rose-brown; with pyridine, reddish violet; with acetic acid and 
formic acids, chocolate brown; with lutidine, greenish brown; 
with lutidine-acetic acid, grayish blue; and with neutral solvents 
the bright yellow color became reddish violet on standing. 

N - Acetyl- DL -a(m-carboxy phenyl) - glycine—DL-a(m -Carboxy- 
phenyl)-glycine (0.41 g, 0.002 mole) was treated with 0.5 g of 
acetylchloride and 0.89 g of NaeCQO3 in 20 ml of H.O under usual 
Schotten-Baumann conditions. The reaction mixture was acidi- 
fied to pH 1 and the acetyl derivative was extracted with several 
small portions of ethyl acetate. The combined extracts were 
dried with anhydrous NaSO, and evaporated in a vacuum to 
dryness. The residue, weighing 0.32 g (71%), was decolorized 
with charcoal, recrystallized from water, and dried over P.Q;. 
The product, m.p. 237° with decomposition, gave a negative 
reaction with ninhydrin. 


DL-a(m-Carboxyphenyl)-glycine 


Vol. 236, No. 4 


Calculated: C 55.93, H 4.27, N 5.93 
Found: C 55.90, H 4.68, N 5.87 


N -Chloroacetyl - DL-a(m-carboxyphenyl) - glycine—The product 
from 0.41 g (0.002 mole) of DL-a(m-carboxypheny])-glycine 
0.69 g of chloroacetic anhydride (0.004 mole), and 0.67 g of NaQy 
was recrystallized from a minimal amount of distilled water 
Yield, 0.14 g (24%); m.p. 216-217°. After being recrystallized 
once more from hot water and dried in a vacuum over P.Q; a} 
room temperature, it melted at 223-224° with decomposition. 
It gave a negative reaction with ninhydrin. 


Calculated: C 48.63, H 3.71, N 5.16 
Found: C 48.68, H 3.93, N 5.16 


Enzymatic was inert 
toward p-amino acid oxidase (Nutritional Biochemicals Corpor. 
tion), and L-amino acid oxidase, dried snake venom (Bothrops 
atrox) (7,8). N-Acetyl-pL-a(m-carboxyphenyl)-glycine was un- 
affected by hog kidney acylase (9), and N-chloroacetyl-p1. 
a(m-carboxyphenyl)-glycine resisted the action of carboxypepti- 
dase A (10). 3 

SUMMARY 

pL-a(m-Carboxyphenyl)-glycine and its N-acetyl and 
chloroacetyl derivatives have been synthesized. They were not 
affected by p- and L-amino acid oxidases, hog kidney acylase, 
and carboxypeptidase A. 
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The mechanism of formation of the methyl group of methio- 
nine is of particular interest at the present time since the reac- 
tion may be studied in cell-free systems and is dependent on the 
direct participation of vitamin By. The reported systems for 
study of methionine biosynthesis in vitro have been derived 
from mammalian, avian, and bacterial sources (4-10). Serine 
and formaldehyde have been the most commonly studied pre- 
cursors of the l-carbon fragment that appears in the methyl 
group of methionine. Homocysteine has been the required 
acceptor in all the systems. 

The studies in both animal and bacterial systems have estab- 
lished cofactor requirements for pyridoxal-P (when serine is the 
l-carbon unit donor), tetrahydrofolic acid, adenosine triphos- 
phate, Mg**, and a pyridine dinucleotide. Vitamin By,2 has 
been shown to be a required cofactor only in the system derived 
from a mutant strain of Escherichia coli which requires vitamin 
By or methionine for growth (11, 12). These studies have not 


identified the necessary enzymes or the reaction steps in the 


pathway for methionine synthesis. 

This paper reports a system of three partially purified enzyme 
fractions from FE. colt which are essential for methionine bio- 
synthesis from serine. One of the required enzymes is serine 
hydroxymethylase (13-15), and another has been found to have 
vitamin Bi2 as a prosthetic group. The cofactor requirements 
of the enzymatic system have been extended by demonstration 
of a requirement for a flavin coenzyme. 


EXPERIMENTAL PROCEDURES 


Coenzymes, nucleoside phosphates, homocysteine thiolactone, 
and S-adenosylmethionine were obtained from the California 
Corporation for Biochemical Research, Mann Research Labora- 
tories, Sigma Chemical Company, and Pabst Laboratories, Inc. 
LSerine-3-C' was obtained from Nuclear-Chicago Corporation. 
Folic acid derivatives and antagonists were gifts of Dr. T. Jukes 
and Dr. R. Angier of Lederle Laboratories, Inc., Division of 


*Preliminary communications have been published (1-3). 
This work was supported by grants-in-aid from the National 
Science Foundation and the Greater Boston Chapter of the Mas- 
sachusetts Heart Association. 

t Research Fellow of the American Heart Association (1955- 
1960). Present address, Massachusetts General Hospital, Boston, 
Massachusetts. 

- Predoctoral Fellow of the National Science Foundation (1958- 
). 


§ Predoctoral Fellow of the United States Public Health Service 
(1958-1960). 


American Cyanamid Corporation. S-Adenosylhomocysteine 
was kindly provided by Dr. W. Sakami. 

Glucose 6-phosphate dehydrogenase was prepared from yeast 
in collaboration with Dr. W. T. Jenkins by a modification of the 
method of Kornberg and Horecker (16). Ethanol dehydro- 
genase was obtained from Sigma Chemical Company, DNase 
from Worthington Biochemical Corporation, and RNase from 
Armour and Company, Research Division. 

Tetrahydrofolic acid was prepared by the method of Blakley 
(17) and stored in 0.02 m 2-mercaptoethanol at — 15° in a Thun- 
berg tube under nitrogen. N*,N'°-Methylene tetrahydrofolic 
acid was prepared by the method of Osborn, Talbert, and 
Huennekens (18). Homocysteine (19) was prepared freshly 
each day from L-homocysteine thiolactone. Two equivalents of 
KOH were added to a 0.2 M solution of the thiolactone which was 
then heated at 45° for 6 minutes while nitrogen was bubbled 
through the mixture. The solution was neutralized with one 
equivalent of HCl and cooled to 0°. Calcium phosphate gel was 
prepared by the method of Keilin and Hartree (20). DEAE- 
cellulose was purchased from the Brown Company, Berlin, New 
Hampshire, and was treated with ethylenediaminetetraacetic 
acid and alkali according to the procedure of Camiener and 
Brown (21). 

Mutant Strains of E. coli—The mutant strains of E. coli 
utilized in the experiments were kindly provided by Dr. B. D. 
Davis. Strain 113-3 is a mutant strain which requires either 
vitamin Bie or methionine for growth (22). The nutritional 
requirement is not satisfied by homocysteine. This strain is 
considered to have a genetic block in the synthesis of vitamin 
Biz which results in a secondary phenotypic block at a stage 
between homocysteine and methionine. 7 

Strain 205-2 is a double mutant which requires both p-amino- 
benzoic acid and methionine.!. The two mutations in this strain 
were selected in separate experiments and are not interrelated. 
Therefore, as long as sufficient p-aminobenzoic acid is supplied 
in the culture medium, strain 205-2 can be considered purely as 
a methionine-requiring mutant. The nutritional requirement 
of this strain is not satisfied by either homocysteine or vitamin 
By. 


Culture Methods for E. coli Mutant Strains 


Stock Cultures—Stock cultures of strain 205-2 of E. coli were 
maintained on a modification of the basal medium described 


1 Dr. B. D. Davis, personal communication. 
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TABLE I 
Supplements to basal medium for culture of mutant strains of E. coli 
; 
| Amount of supplements/liter 
Strain | Purpose of culture Supplements —iaiegae 
Inoculum flasks Carboys 
113-3 Enzyme preparation and cofactor determination | Vitamin Bye 1 ug 1 pg 
Methionine 250 umoles 60 umoles 
113-3 Cells deficient in vitamin By,2 Methionine 250 umoles 60 umoles 
205-2 Assay of enzyme lacking in strain 205-2 Vitamin By» | 1 ug 1 ug 
Methionine | 250 pmoles 60 umoles 
p-Aminobenzoic acid | 100 ug 100 ug 


below in which aspartic acid was eliminated and the following 
additions were made: yeast extract, 2 g per liter; enzymatic 
hydrolysate of casein (NZ-Case, Shefheld Chemical Company), 
2 g per liter; and agar, 20 g per liter. Since strain 113-3 tended 
to back-mutate on the foregoing medium, this strain was main- 
tained on commercial nutrient agar. All cultures were stored 
at 3° with monthly transfers to fresh media. 

Basal Medium for Carboy Scale Cultures—The following addi- 
tions were made in g per liter: K2HPO,, 7; KH2PO,, 3; sodium 
citrate (53 H2O), 0.55; 2; pt-aspartic acid, 1; glucose, 
5 (autoclaved separately); MgSQO,, 0.05. Supplements to the 
foregoing medium were made as indicated in Table I according 
to the purpose of the culture. | 

Significance of Concentrations of Vitamin B,z and Methionine 
in Culture Media—The supplement of 1 wg per liter of vitamin 
Biz was equal to the amount found to give optimal growth of 
strain 113-3 in tube cultures on a shaker. The supplement of 
250 umoles per liter of methionine in the inoculum flasks per- 
mitted cultures of the methionine-requiring mutants to reach 
maximal growth. The supplement of 60 uwmoles per liter of 
methionine in the carboys limited the wet weight of cells of 
methionine-requiring mutant strains to approximately one-third 
that obtained with the optimal supplement of methionine. 

The inoculum flasks contained sufficient methionine to permit 
maximal growth of the cultures in all cases, regardless of the 
additional presence of vitamin Bis. This measure prevented 
reversion of the cultures (particularly those of strain 113-3) to 
independence of the supplements during incubation overnight. 

Supplementation of the carboy scale cultures of strain 113-3 
with vitamin B,2 plus a small amount of methionine (60 uwmoles 
per liter) was found to yield cell-free extracts with maximal 
activity of the methionine-synthesizing system. Supplementa- 
tion with methionine in an amount capable of providing full 
growth of the methionine-requiring strains (250 umoles per 
liter) resulted in a markedly lower activity of the enzyme system, 
presumably owing to feedback suppression of enzyme formation 
as has been observed (23, 24). 

Growth and Harvest of Cells for Enzyme Isolation—Inocula for 
carboys were prepared by incubation of aerated cultures for 16 
hours at 30° in the amount of 500 ml per 15-liter carboy. The 
carboy cultures were incubated at 35° with vigorous aeration, 
reaching the end of log phase growth in 3 to 5 hours. ‘The cells 
were harvested in a Sharples supercentrifuge $ hour later. The 


delay before harvesting provided an induction period for possible 
increased enzyme formation after exhaustion of the methionine 
in the medium (25, 26). 

The harvested bacteria were washed in a solution of 0.5°7 


NaCl, 0.5°% KCl. 
— 15°. 


If necessary the washed cells were stored at 


Preparation of Cell-free Extracts 


Strain 113-3 was employed as the source of the methionine. 
synthesizing enzyme system in order that studies of the general 
aspects of methionine synthesis and of the special function of 
vitamin B,2 might be carried out with the same organism. The 


washed cells were frozen in liquid nitrogen.and broken in the | 
This method provided a means for the | 
reproducible breakage of cells and yielded a concentrated solu. _ 
tion of protein with high activity of the several desired enzymes, © 


Hughes press (27). 


The viscosity of the pressed material was reduced by incubation 
of the solutions with DNase at 37° for 10 minutes in the presence 
of 0.005 m Mg++. The enzyme was added at the level of 1 mg 
per 100 ml of extract. The treated extract was then diluted 
with an equal volume of cold 0.05 or 0.1 m phosphate or Tris 
buffer and was centrifuged at 78,000 to 105,000 x g (average) 
in the model L Spinco ultracentrifuge to sediment cell debris 
and large ribonucleoprotein particles. All subsequent. prepars- 
tive procedures were carried out at 3 to 5° unless otherwise 
noted. 


Designation of Enzymes 


Aside from serine hydroxymethylase, two additional enzymes — 


have been recognized as participating in the biosynthesis of the 
methyl group of methionine from serine. Since the catalytic 
function is not yet known for either of the new enzymes, ten- 
porary rather than properly descriptive names have been as- 
signed to them. 

By. Enzyme—The first of the enzymes has been designated the 


“Bis enzyme” because vitamin B,2 or a derivative is associated — 


with the protein as a tightly bound prosthetic group (28). The 
activity of this enzyme in extracts of strain 113-3 is dependent 
upon the presence of vitamin By». 

205-2 Enzyme—The second of the new enzymes has been 
designated the ‘‘205-2 enzyme.” This enzyme is lacking or 
inactive in extracts of mutant strain 205-2 and can be purified 


by fractionation from extracts of strain 113-3. Addition of i 
fractions containing 205-2 enzyme to extracts of strain 2052 — 


completes the enzyme complement required for the synthesis 
of methionine. 


Enzyme Incubation Procedure 


The incubation mixture containing all the required compo — 


nents is described in Table II. The least stable component, 
folate-H,, was added last. Anaerobic conditions were obtai 
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py performing the incubations in Thunberg tubes or in a desic- TaB_e II 
ator that had been evacuated and filled with prepurified nitrogen Typical enzyme incubation mixture 
or with helium. At the end of a 2- or 3-hour incubation period ~~ ‘oi 
gt 37° the incubation mixtures were autoclaved simultaneously 
with the microbiological assay medium. The tubes were then aati 
centrifuged to remove coagulated protein. Four graded aliquots potassium phosphate buffer, pH 7.2....... 50 
of the supernatant solution of the incubation mixture were ,-Serine........................- 00-00. 5 
transferred with a sterile long-tip pipette to the sterilized micro- L-Homocysteine.......................... 10 
The methionine content of the incubation vessels was assayed 2 
with Leuconostoc mesenteroides P60 (American Type Culture Col. 0.2 
lection No. 8042) in synthetic methionine assay medium (Difco SS 5 
Laboratories) in a final volume of 1 ml. After the tubes had been 10 
incubated for 18 hours at 37° the absorbancy at 650 my was Enzyme fractions........................ 
determined in a Beckman model DU spectrophotometer. Ab- 1.0 ml. 


sorbancy readings were converted to equivalent values in terms 
of mumoles of methionine by means of a standard curve covering 
the range from 0.5 to 25 mumoles per ml. 


RESULTS 


Substrates for Methionine Biosynthesis 


Serine was utilized as the donor of the 1-carbon unit in most 


of the experiments to be described. The required concentration 


for optimal methionine formation was about 0.005m. Formalde- 
hyde also serves as a source of the 1-carbon unit for methyl 
group formation. In the first step of the metabolism of these 
compounds, both are converted to V*, N!°-methylene tetrahydro- 
folic acid. Optimal synthesis of methionine was obtained when 
homocysteine, the acceptor of the 1-carbon unit, was present 
in a concentration between 0.002 m and 0.02 m. 

The following additional compounds were tested with crude 
cell extracts for activity as donor substrates: pL-3-phosphoserine, 
cystathionine, leucovorin (N*-formyl-folate-H,?), and anhydro- 
leucovorin Phosphoserine was 
moderately effective as a substrate, but it may have been broken 
down to serine before being utilized. The other named com- 
pounds were inactive. N!°-Methyl tetrahydrofolic acid did not 
serve as a donor of the methyl group in the presence of the Bie 
enzyme and 205-2 enzyme. 


Cofactors for Methionine Biosynthesis 


The study of the cofactor requirements for methionine bio- 
synthesis has been made with enzyme preparations treated by 
dialysis or with activated charcoal (Norit) and an anion 
exchange resin (Dowex 1-Cl). Treatment of an extract of 
strain 113-3 that had been cultured on vitamin By: plus methio- 
nine with a combination of the methods described above revealed 
a requirement for ATP, pyridoxal-P, folate-H,, and DPNH. 
Although the addition of a flavin coenzyme stimulated the reac- 
tion considerably, there was a moderate synthesis of methionine 
with this type of enzyme preparation in the absence of added 


| FAD. When purified enzyme fractions were used without 
_ charcoal or resin treatment, however, an absolute requirement 


was observed for all the cofactors indicated in Table III. 
| Reducing Coenzymes for Methionine Biosynthesis—The reduc- 
ing agents for formation of the methyl group of methionine ap- 


_ pear to be a coupled system of pyridine and flavin nucleotides 


(3). When the enzyme preparation had been treated so as to 


* The abbreviation used is: folate-H,, tetrahydrofolic acid. 


remove the pyridine nucleotides but not endogenous flavin, 
there was an absolute and specific requirement for DPNH. 
However, when both types of nucleotides had been removed 
and external flavin coenzyme was added, as in the system of 
purified enzyme fractions, either DPNH or TPNH was an effec- 
tive reducing agent. The former compound was significantly 
more active, however. 

The addition of flavin coenzyme could be made in the form 
of flavin mononucleotide or FAD, the former being somewhat 
more effective than the latter. A report has been made pre- 
viously on the use of catalytically reduced flavin mononucleotide 
and FAD (3). 

Further evidence for participation of a flavin coenzyme in 
methionine formation was provided by the finding that quinac- 
rine (atebrin) inhibited the system markedly. The inhibition 
was reversed in part by preincubation of the enzymes with FAD. 
Chloroquine (Aralen) caused negligible inhibition. 

Other Cofactors—Pyridoxal-P is a required cofactor for the 
serine hydroxymethylase reaction. In this reaction, which is an 
initial step in methionine biosynthesis, the 8-hydroxymethyl 
group of serine is transferred to tetrahydrofolic acid. The prod- 
uct of the transfer reaction is considered to be N°, N!°-methylene 
tetrahydrofolic acid (18, 29, 30). As will be shown in a later 
section of this paper, this compound serves as the substrate for 
the next step in formation of the methyl] group. 


TaBLeE III 


Substrate ‘and cofactor requirements for methionine biosynthesis 

The standard incubation and assay procedures were used. The 
following enzyme fractions were equivalent to the best prepara- 
tions purified as described in subsequent sections: (a) serine hy- 
droxymethylase, 35 ug; (6) Biz enzyme, 38 ug; (c) 205-2 enzyme, 
125 ug. Incubation time, 2 hours. 
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Pteroyltriglutamiec acid was reduced to the tetrahydro level 
and tested as a cofactor. The optimal concentration of tetra- 
hydropteroyltriglutamic acid appeared to be somewhat lower 
than that for folate-H, as a cofactor for methionine biosynthesis. 
Presentation of experiments on the involvement of vitamin By,» in 
methionine biosynthesis appears in the second paper of this 
series (28). 

The optimal concentration of Mg** for methionine synthesis 
was found to be approximately 0.005 M, and marked inhibition 
occurred at 0.1 mM. No inhibition of methionine biosynthesis 
occurred in the presence of 0.01 m fluoride ion. 


Fractionation of Enzyme System 


The use of serine as donor of the 1l-carbon unit for methyl 
group formation implicated serine hydroxymethylase as an es- 
sential component of the enzymatic system. The existence of 
the two different mutant strains of FE. coli, 113-3 and 205-2, 
indicated a requirement for at least two additional enzymes for 
methionine synthesis. Fractionation and partial purification of 
these three enzymes were carried out as described in the follow- 
ing sections. For ammonium sulfate precipitations, additions of 
solid ammonium sulfate were catculated from a table of frac- 
tional saturations at 25°. The actual level of saturation at the 
working temperature of 3 to 4° was slightly higher than the fig- 
ures reported. The phosphate buffers referred to in subsequent 
sections were made by dilution of 1 mM solutions. The buffer of 
pH 7.2 was made by diluting a solution with the ratio of KzHPO, 
to KH.PO, of 18:7 to the stated concentrations; that of pH 6.8 
by diluting a solution with the ratio 1:1. 

Purification of Serine Hydroxymethylase—A radioactive tracer 
assay for serine hydroxymethylase was based upon the observa- 
tion that V°,N'°-methylene folate-H, formed by the action of 
serine hydroxymethylase readily yielded its 1-carbon unit to 
form a precipitate with 5,5-dimethyl-1,3-cyclohexanedione 
(Dimedon) (31). For the preparation of partially purified serine 
hydroxymethylase, the extract of strain 113-3 was treated with 
DNase as described and fractionated with ammonium sulfate; 
the highest specific activity was found in the fraction precipi- 
tating at 50 to 70% saturation. This ammonium sulfate fraction 
was dialyzed against 0.01 mM phosphate buffer, pH 7.2, and the 
dialyzed solution (30 ml) was chromatographed on a 2.2- xX 10- 
em column of hydroxylapatite (32) which had been equilibrated 
with 0.02 mM potassium phosphate buffer, pH 7.2. Elution was 
performed with a convex gradient apparatus. The reservoir 
contained 125 ml of 0.1 mM phosphate buffer, pH 7.2, and the 
mixer contained 100 ml of 0.02 m buffer, pH 7.2. Serine hy- 
droxymethylase began to be eluted from the column in Fraction 
26. <A total of 75 3-ml fractions was collected. 

The product had a specific activity 44 times that of the origi- 
nal extract and was obtained in 33% yield. The partially 
purified serine hydroxymethylase was found to be substantially 
contaminated with dihydrofolic reductase, but free from the two 
enzyme fractions discussed below. 

Preliminary Fractionation of By. Enzyme and 205-2 Enzyme— 
The extract of strain 113-3 which had been cultured on Bye plus 
methionine was prepared with the Hughes press and treated 
with DNase as described above. The pressed material was 
diluted with an equal volume of buffer (Tris, 0.05 mM; succinic 
acid, 0.02 m; Mg**, 0.01 M; final pH 7.5). The pH of the di- 
luted extract was adjusted to 7.5 by addition of 1 n KOH. This 
solution was centrifuged for 15 minutes at 15,000 x g to remove 
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cell debris. The sediment was washed with a small volume of 
the buffer and the supernatant solution of the wash was con. 
bined with the original supernatant solution. The combined 
extract was then centrifuged in the model L Spinco preparatiye 


ultracentrifuge for 90 minutes at 78,000 to 105,000 X g (average) | 


to remove the larger ribonucleoprotein particles that appeared jp 
the tubes as a translucent, brown, gelatinous sediment. Ethyl. 
enediaminetetraacetic acid at a final concentration of 0.02 y 
was added to the supernatant solution from this centrifugation 
to chelate the Mg** ions that interfered with the action of 


RNase. Phosphate buffer (pH 7.2) was added to a final eon. © 


centration of 0.1 M. 


The extract was then incubated with crystalline RNase (02 


mg per ml) for 10 minutes at 37° followed by 30 minutes at room 
temperature. A copious gray precipitate of degraded ribonvy. 
cleoprotein appeared. This digestion sharpened the fractiong- 
tion of the proteins with ammonium sulfate in the succeeding 
step and permitted partial separation of the 205-2 and B, 
enzymes. 


After digestion with RNase, the solution was cooled in ice and _ 


centrifuged. The supernatant fluid was brought to 25% of 
saturation with ammonium sulfate by addition of 3 volume of g 


neutralized saturated solution of the salt. Solid ammonium | 
sulfate was immediately added to bring the mixture to 35% of | 


saturation. After the solution was stirred for 15 minutes, the 
precipitate was removed by centrifugation and discarded. 4 
total of 3 ml of 1 N NH,OH were added per 100 ml of centrifuged 
solution, and solid ammonium sulfate was then added to 45% of 
saturation. Again 3 ml of 1 N NH,OH per 100 ml were added. 
The precipitated protein contained practically all the By en- 
zyme and nearly one-fifth of the 205-2 enzyme. 
solution was adjusted to 55% of saturation with solid ammonium 
sulfate. The precipitated protein of the 45 to 55% fraction 
contained the remainder of the 205-2 enzyme and was practically 
free from Biz enzyme. Some serine hydroxymethylase was 
present in this fraction, but the exact amount has not been 
measured. The ammonium sulfate fractions precipitating at 
35 to 45% and at 45 to 55% of saturation represented the start- 


The supernatant 


ing materials for further purification of the Biz and 205-2 en- — 


zymes, respectively. 
Purification of Bi, Enzyme—The principal assay method for 


the Biz enzyme was based upon the fundamental observation — 


that extracts of strain 113-3 which had been cultured on vitamin 
By. or vitamin By. plus methionine synthesized methionine 


rapidly with the appropriate incubation mixture (Table II), — 


whereas extracts of 113-3 cultured on methionine formed only 
a small amount of methionine in vitro. 


which was isolated from strain 113-3 cultured with Bie or By: 
plus methionine (12, 28). The approximate activity of this 
protein fraction could be measured by determination of the 


The extracts of strain 
113-3 cultured on methionine became fully active for methionine — 
synthesis, however, after the addition in vitro of vitamin B,: or — 
after the addition of a protein fraction designated ‘‘B,2 enzyme” — 


methionine formed when an aliquot of Bi2 enzyme fraction was 


added to a fixed amount (1 mg of protein) of extract of strain 
113-3 cultured on methionine. The relationship between the 
amount of By. enzyme added to the extract and the amount of 
methionine synthesized is shown in Fig. 1. Quantitative assays 
of Bis enzyme fractions were performed at two levels of added 
enzyme. This procedure is considered to provide fairly accurate 


comparisons of fractions at different levels of purification. 4 
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Fic. 1. The relationship is indicated between the amount of 
methionine synthesized and the amount of partially purified Biz 
enzyme that was added to an extract of strain 113-3 of E. colt. 
The incubation mixture (1 ml) contained 1 mg of the extract and 
all necessary substrates and cofactors listed in Table ITI. 


second method of assay depended upon labeling of the By: en- 
zyme by culture of the organism on Co®-labeled vitamin Bie 
and measurement of radioactivity in the isolated protein frac- 
tions. 

The purification procedure for the Biz enzyme was comprised of 
four steps. (a) The extract of strain 113-3 cultured on radio- 
active Biz plus methionine was fractionated with ammonium 
sulfate. Under the conditions of this fractionation, which in- 
clude elimination of RNA and pH control, nearly 90% of the 
radioactivity in the soluble extract appeared in the 35 to 45% 
ammonium sulfate fraction, about 10% in the 0 to 35% fraction, 
and negligible quantities above 45% of saturation. (b) The 35 
to 45% ammonium sulfate fraction was dissolved in 0.05 m 
potassium phosphate buffer of pH 6.8 and was dialyzed for 2 
hours in a large volume of 0.01 m buffer. The protein concen- 
tration was adjusted to between 5 and 20 mg per ml by dilution, 
and calcium phosphate gel (20) was added at a gel to protein 
ratio (by weight) of 1.67. The gel suspension was then stirred 
and centrifuged. The gel was resuspended and eluted twice with 
0.03 m buffer of pH 6.8. (c) The protein solution eluted from the 
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gel was applied to a column (1.5 X 28 em) of DEAE-cellulose 
(33) which had been equilibrated with 0.03 m phosphate buffer 
at pH 7.2. The column was eluted by the linear gradient method 
in which the reservoir contained 150 ml of 0.5 M potassium phos- 
phate buffer at pH 7.2 flowing into a mixer containing 150 ml 
of 0.03 m phosphate buffer at pH 7.2. The Bi. enzyme emerged 
somewhat after the bulk of the protein and just after the mid- 
point of the gradient elution. (d) The most active fractions 
from the DEAE-cellulose column were pooled and dialyzed for 
4 hours against 0.01 m phosphate buffer at pH 7.2. The solution 
was then loaded on a 0.9- X 26-cm column of hydroxylapa- 
tite (32) which had been equilibrated with the same 0.01 m buffer. 
The protein was eluted with use of a linear gradient apparatus 
in which the reservoir contained 30 ml of 0.3 mM potassium phos- 
phate buffer, pH 7.2, flowing into a mixer containing 30 ml 
of 0.01 m phosphate buffer, pH 7.2. The active fractions were 
eluted when about two-thirds of the buffer had been passed 
through the column. These fractions were pooled and consti- 
tuted the final product. The solution was subdivided into small 
aliquots and stored at —15°. The purification procedure is 
summarized in Table IV. The ratios of absorbancies, 280 mu 
to 260 my, were 0.55 in the crude extract and 1.52 in the final 
product, an indication that the nucleic acid had been almost 
completely eliminated in the latter fraction (34). 

The specific radioactivity of the final enzyme product indi- 
cated that the protein contained about 1.0 umole of Biz per gram. 
With the assumptions that the enzyme contains 1 mole of vita- 
min per mole of protein and has a molecular weight of 1 x 10° 
the purity would be about 1%. 

Properties of By. Enzyme—There was no significant loss of 
activity upon storage of B,. enzyme fractions for several months 
in the frozen state as long as the solution was not thawed and 
refrozen unduly. The enzyme was damaged by exposure to or- 
ganic solvents in making acetone powder extracts or in the frac- 
tionation of extracts with ethanol at low temperature. 

Purification of 205-2 Enzyme—Determinations of the approxi- 
mate activity of fractions containing the 205-2 enzyme could be 
carried out by addition of these fractions to an extract of strain 
205-2 in a procedure analogous to the assay method described 
for the Biz enzyme. However, the relationship between the 
amount of added 205-2 enzyme fraction and the amount of 
methionine formed was not linear over an extended range of 
concentration of the enzyme. 

The preliminary steps in the purification of the 205-2 enzyme 


TABLE IV 
Purification of Biz enzyme 
Enzymatic activity* Co®-radioactivity 
Step Volume Protein ; Relati Relati 
Units/mg | units improve Yield | c.p.m./mg improve- Yield 
ml mg % % 
Crude extract. ................... 260 8840 150 1330 1 17.1 151 1 
(NH4)2SO, (35-45%) .............. 40.5 1700 54.7 93 3 62 
109 310 210 65.4 12 43 
DEAE-cellulose column........... 54.5 85 448 38 26 25 
Hydroxylapatite column.......... 6.3 24 6840 164 46 12 1250 30 73 20 


* One unit of enzyme activity catalyzes the synthesis of 1 mumole of methionine during a 3-hour incubation period under standard 
conditions described in Table II. The Bis enzyme fraction was added to an incubation mixture containing 1 mg of protein of an ex- 


tract of strain 113-3 that had been cultured on methionine. 
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through ammonium sulfate precipitation were identical with 
those in the preparation of the Biz enzyme. The protein pre- 
cipitating between 45 and 55% saturation of ammonium sulfate 
was dissolved in a minimal amount of 0.05 mM potassium phos- 
phate buffer, pH 7.2, containing 8 X 10-5 m FAD and was dia- 
lyzed for 3 hours against 8 liters of 0.01 mM potassium phosphate 
buffer, pH 7.2. During the dialysis a copious white precipitate 
gradually appeared. This was removed by centrifugation and 
was discarded. The protein concentration of the enzyme solu- 
tion was adjusted to 16 to 17 mg per ml by the addition of an 
8 X 10-5 Mm solution of FAD. Calcium phosphate gel (15 mg 
per ml) was added at a gel to protein ratio of 1:1 (by weight). 
The suspension was stirred for 30 minutes and the gel collected 
by centrifugation. The gel was resuspended in a solution of 
8 <x 10-5>m FAD, stirred for 15 minutes, and again collected by 
centrifugation. The supernatant solution was discarded. The 
gel was suspended in 0.02 m potassium phosphate buffer, pH 
7.2, containing 8 X 10-5 m FAD, stirred for 30 minutes, and 
collected by centrifugation. This elution was repeated, and the 
two supernatant solutions were combined. The total volume 
of the eluting buffer used was roughly equal to the volume of the 
enzyme solution before the addition of gel. The gel eluant was 
applied directly to a 1.5- X 32-cm column of DEAE-cellulose 
that had previously been equilibrated with a solution of 0.02 m 
potassium phosphate buffer, pH 7.2. The enzyme was eluted by 
a solution of potassium phosphate buffer, pH 7.2, with a linear 
gradient ranging in concentration from 0.02 to 0.5 m. The 
most active fractions were pooled to give a preparation which 
exhibited a specific activity about 14 times greater than that of 
the starting material. The over-all yield was less than 10%. 
Addition of FAD in a concentration of 8 K 10-5 M to the eluting 
buffer during chromatography raised the yield significantly. ~ 

Properties of 205-2 Enzyme—There was a 30% loss of 205-2 
enzyme activity upon storage for 5 months at —15°. This loss 
of activity was increased by repeated freezing and thawing. 
FAD partially protected the 205-2 enzyme activity against 
decay during the purification procedure and storage. Addition 
of FAD also provided partial protection of enzyme activity 
when the temperature of the solution was raised to 50°. The 
protective action of FAD on the enzyme is mentioned here 
because of its practical applicability in the purification proce- 
dures. There is not sufficient evidence from these or other ex- 
periments to determine whether the flavin compound is a cofac- 
tor for this enzyme. 

Recombination of Partially Purified Enzyme Fractions—Re- 
combination of the three partially purified enzyme fractions re- 
sulted in a high rate of methionine synthesis when all the recog- 
nized cofactors were present (Table V). The time course of 
methionine synthesis by the purified enzymatic system is illus- 


TABLE V 
Recombination of purified enzyme fractions 


A standard incubation (Table II) was carried out for 2 hours. 
The complete system contained: serine hydroxymethylase, 35 
ug; Bie enzyme, 38 ug; and 205-2 enzyme, 125 ug. 


Enzyme content Methionine synthesized 
mumoles 
Omit serine hydroxymethylase........... 14 
0 


Enzymatic Synthesis of Methionine. I 
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Time (hours) 

Fic. 2. Time course of methionine biosynthesis with purified 
enzyme fractions. Standard incubation conditions were en.- 
ployed with serine hydroxymethylase, 14 ug per ml, and 2}. 
enzyme, 66 wg per ml. Amounts of Biz enzyme (in wg per ml) are 
indicated by numbers adjacent to each curve. 


trated in Fig. 2. A lag period was observed when the system 


contained low, rate-limiting amounts of Bi. enzyme. With © 
larger amounts of Bi2 enzyme such a lag period was not evident, | 


and a nearly proportional rate of methionine synthesis was ob- 
served over a 3- to 4-hour period. 
Individual Reaction Steps in Methyl Group Formation—N‘,N“. 


Methylene tetrahydrofolic acid, made chemically, is able to — 


substitute for tetrahydrofolic acid, pyridoxal phosphate, and 
serine hydroxymethylase in the standard incubation mixture. 


Moreover, a compound with the same ultraviolet absorption — 


spectrum and susceptibility to reaction with Dimedon as the 


synthetic N°, N!°-methylene tetrahydrofolic acid can be isolated © 
from an incubation mixture containing bicarbonate buffer, 8) 
umoles, pH 9.3; tetrahydrofolic acid, 20 umoles; pyridoxal phos 


phate, 5 uwmoles; serine, 20 wmoles; and 60 ug of serine hydrox- 
methylase. These components are incubated under nitrogen 
for 2 hours at 37° and the product is isolated by the method i 
Osborn, Talbert, and Huennekens (18). This _ biosynthetic 


material, presumably N°, N!°-methylene tetrahydrofolic acid, 


an effective substrate for methionine synthesis in the presence of 
the 205-2 enzyme and the B,2 enzyme. It would be expected 
that the enzymatically prepared material is entirely the natu- 
rally occurring stereoisomer, whereas the chemically prepared 
substance is probably a p,L mixture in regard to the stereoison- 
erism at carbon atom 6 of the pteridine ring. 


The reaction steps catalyzed by the 205-2 enzyme and the B: ~ 


enzyme are now being studied. Two compounds were availabe 
which on theoretical grounds might have been considered # 
intermediates in the reactions of methionine biosynthesis 
S-Adenosylhomocysteine, provided through the kindness of Dr. 
W. Sakami, was found to inhibit methionine synthesis by 25% 
when added to a complete system at a concentration of 1 x 10° 
M. The compound had practically no capacity to serve as # 
intermediate in the system, t.e. to replace homocysteine or #0 
replace ATP. S-Adenosylmethionine received some support # 
an intermediate in methionine formation in animal systems from 
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data published by Nakao and Greenberg (6), although none from 
that of Stevens and Sakami (5). In the system derived from 
~ £. coli which is herein reported, S-adenosylmethionine increased 
methionine synthesis slightly when added to a complete system. 


However, the compound was entirely unable to replace the 
normal substrates. 
DISCUSSION 
Our initial investigations have shown that two methionine- 


| requiring mutants of FE. colt (113-3 and 205-2 of Davis) are de- 


feient under certain conditions in two different enzyme activi- 


ties of the methionine synthetic pathway. Extracts of strain 


113-3 cultured on methionine could be used to assay one of these 
enzymes (Biz enzyme). Likewise, extracts of strain 205-2 cul- 


~ tured on Biz plus methionine could be used to assay the other 
enzyme (205-2 enzyme). Both the enzymes were present in 


extracts of strain 113-3 cultured on By plus methionine. Despite 
the fact that the biochemical functions of these enzymes have 


not yet been established, it was possible to separate them by 


fractionation and to purify each partially in a manner similar to 
that used for enzymes of a known mode of action. By this 
procedure it has been possible to establish a biochemical system 
of coenzymes and of partially purified enzymatic components for 
study of the pathway of methionine biosynthesis. 

In most of our studies using this complex enzymatic system, 
serine was the donor and homocysteine the acceptor of the 1-car- 
bon unit appearing ultimately in the methyl group. With these 


~ substrates at least six cofactors and three enzymes are required 
for synthesis of methionine. 


The initial step is the serine hydroxymethylase reaction which, 
with the participation of pyridoxal-P, results in transfer of the 
l-carbon unit at the hydroxymethyl] level of oxidation to tetra- 
hydrofolic acid. The 1-carbon unit is subsequently reduced to 


the methyl level of oxidation and transferred to the ultimate 


acceptor, homocysteine. The reducing agent appears to be a 
reduced flavin nucleotide, which is regenerated by transfer of 
hydrogen from DPNH. The involvement of a flavin coenzyme 
in methionine biosynthesis had not been previously recognized. 
The role of ATP in methionine synthesis remains an enigma. 


_ Present experimental evidence indicates that the enzyme frac- 


tions are not yet sufficiently pure to permit definitive studies of 


this cofactor. The involvement of vitamin By: in this enzymatic 


system is indicated by its participation as the prosthetic group 
of one of the essential enzymes (28, 35). However, there is no 
evidence yet available concerning the mechanism of action of 


this substance. 


SUMMARY 


A system of three partially purified enzyme fractions and six 
organic cofactors has been established for study of the biosyn- 
thesis of the methyl group of methionine from serine and homo- 
cysteine. The enzyme fractions were isolated from a soluble 


extract of an Escherichia coli mutant (strain 113-3 of B. D. Davis) 


which requires either vitamin By. or methionine for growth. 

The organism was cultured on both B,2 and methionine for 
isolation of the methionine-synthesizing system. The enzyme 
fractions were: (a) serine hydroxymethylase, (b) an enzyme which 
contains a derivative of vitamin B,2 as a prosthetic group, and 
(c) @ fraction containing a third enzyme which is lacking in a 
methionine-requiring mutant strain of E. coli (strain 205-2 of 
Davis). The latter two enzymes had not previously been rec- 


ognized as essential components of the methionine-synthesizing 
system. 


A combination of the three enzyme fractions in the presence of 
required cofactors and substrates carried out methionine syn- 
thesis under anaerobic conditions. Absolute requirements were 
demonstrated for serine, homocysteine, pyridoxal phosphate, 
tetrahydrofolic acid, adenosine triphosphate, reduced diphos- 
phopyridine nucleotide, and flavin adenine dinucleotide or flavin 
mononucleotide. N*,N!°-Methylene tetrahydrofolic acid, either 
chemically or biosynthetically prepared, may serve as a sub- 
strate in the synthesis of the methyl group of methionine. _ 
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Nutritional and physiological studies in animals have indi- 
cated the involvement of vitamin B,2 in many major areas of 
metabolism without defining the mechanism of its action in any 
instance (3). Only recently has biochemical information been 
obtained concerning coenzyme forms of the vitamin and the 
enzymatic reactions in which these compounds participate (4-6). 

The studies of Woods et al. (7-9) on mutant strains of Escher- 
ichia coli have indicated a direct involvement of vitamin Bye in 
the enzymatic formation of the methyl group of methionine from 
formaldehyde or from the 6-carbon of serine by resting cells and 
by soluble, cell-free extracts. Under certain conditions the 
addition of vitamin By. in vitro to the extracts stimulated me- 
thionine synthesis markedly when tetrahydrofolic acid served as 
carrier of the l-carbon unit. Vitamin Bye appears to act in a 
protein-bound form which is presumably the prosthetic group of 
an essential enzyme. Partial purification of the cobamide- 
containing protein was reported simultaneously by Kisliuk and 
Woods (10) and by this laboratory (2). 

Barker et al. have recently isolated and partially characterized 
a series of derivatives of vitamin Bie from several sources, in- 
cluding EF. coli. The compounds are active as coenzymes in the 
rearrangement of glutamate to G-methylaspartate by an enzyme 
system from Clostridium tetanomorphum (4, 11). Vitamin Bye 
is inactive as a cofactor, so that the isolated compounds appear 
to be “activated” or ‘‘coenzyme”’ forms of the vitamin. The 
compound of this series which is most closely related to vitamin 
Biz, namely, 5,6-dimethylbenzimidazolylcobamide coenzyme, 
was found by several laboratories to be active in the rearrange- 
ment of methylmalonyl coenzyme A to succinyl coenzyme A by 
an enzyme system isolated from bacterial (5) and mammalian 
sources (12-14). In this reaction, vitamin B,2 itself is not active. 

The present paper deals with one of the enzymes involved in 
methionine synthesis in a mutant of F. colt (strain 113-3). Evi- 
dence is presented concerning the prosthetic group of this en- 
zyme, the partial purification of its apoenzyme, and the forma- 
tion of the holoenzyme in vitro from the apoenzyme and vitamin 
By. The activity of the dimethylbenzimidazolyleobamide co- 


* Preliminary communications have been published (1, 2). 
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enzyme in the methionine-synthesizing system in this mutant of 
E. colt will also be reported. 


EXPERIMENTAL PROCEDURE 


The principal materials and methods of this investigation 
have been described in Paper I of this series (15). Included 
are descriptions of the mutant strains of E. coli and their culture, 
the procedures used for partial purification of the three enzymes, 
serine hydroxymethylase, ‘‘205-2 enzyme,” and ‘Bis enzyme,” 
and the assay method for -methionine synthesis in vitro. The 
basic composition of the incubation mixture for methionine syn. 
thesis differs in some respects from that used in the work reported 
in PaperI. The pH of the medium was 7.5, and a DPNH gen. 


erating system was used which consisted of DPNH, 1 my, | 


ethanol, 20 mM; and crystalline alcohol dehydrogenase, 200 
wg per ml. The final volume of the incubation mixture was 
either 0.5 or 1 ml. Some other modifications used in this paper 
will be presented in descriptions of individual experiments. 

Vitamin Bye labeled with Co® was obtained from Merck and 
Company. Antimetabolites of vitamin By were gifts of Dr. E. 
Lester Smith of Glaxo Laboratories, Ltd. Professor H. A. 
Barker kindly provided samples of the DBC! coenzyme isolated 
from Propionibacterium shermanti. Hydroxocobalamin was pre- 


pared by photolysis of the cyanide group attached to the cobalt. 


atom of vitamin Biz (16). A solution of vitamin Bi2 (1 
was placed in a silica cuvette in 0.01 m acetic acid and was 
irradiated for 18 hours with a fluorescent desk lamp. Dicyanoco- 
balamin was prepared by mixing 0.2 ml of 1 x 10-3 Mm vitamin 
By, 0.1 ml of 4 X 10-3 m KCN, and 0.1 ml of 0.04 m NH,OH 
and by allowing the mixture to stand at room temperature for 
13 hours. The conversions of vitamin By2 to these two derivs- 
tives were verified by determination of the absorption spectra. 


RESULTS 


Vitamin By. and Methionine Biosynthesis in Cell-free Extracts 


Cell-free extracts of strain 113-3 which had been cultured 
limiting amounts of methionine (as explained in Table I d 
reference (15)) were unable to form methionine under the usual 
conditions of incubation. The capacity for methionine synthesis 
in the extracts was greatly increased by addition of a smal 


1 The abbreviations used are: DBC, dimethylbenzimidazoly!- 
cobamide; folate-H,, tetrahydrofolic acid; folate-H», dihydrofolit 
acid; KPQ,, (4:1), buffer in which the ratio of KzHPO, to KH:P0. 
is 4:1. 
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amount of enzyme preparations derived from strains of the 
organism which showed no nutritional requirement for vitamin 
By. The results indicated that those enzyme preparations of 
other strains including the wild type provided an enzyme, or 

ibly a heat-labile cofactor, which was missing in the extract 
of strain 113-3 when cultured on methionine. Further experi- 
ments showed that the stimulation of methionine synthesis was 
also produced by addition of extracts of strain 113-3 that had 
been cultured on vitamin Bi: or on vitamin Biz plus methionine. 

The capacity for methionine synthesis by the extract of strain 
113-3 which was cultured on a limiting amount of methionine 
was also increased by addition of vitamin Bie in vitro to the 
incubation mixture. The largest stimulation by vitamin Bie 
addition was obtained with extracts prepared with the Hughes 
press (17). A smaller and less reproducible stimulation by the 
addition of vitamin Bie in vitro was observed when the extracts 
were prepared with the sonic oscillator. 

The relationship between methionine synthesis by an extract 
of the cells of strain 113-3 grown on methionine and the con- 
centration of vitamin B,2 added in vitro to the incubation mix- 
ture is shown in Fig. 1. Maximal activation of the extract was 
obtained at a vitamin concentration of 1 10-® 


Vitamin By. as Prosthetic Group of Enzyme of 
Methionine Biosynthesis 


The following experiment demonstrated that the radioactivity 
of cobalt-labeled vitamin Bi2 was associated with the protein 
fraction exhibiting enzyme activity when the Biz enzyme was 
purified through two steps of the procedure previously described 
in detail (15). In this experiment a 1-liter culture of strain 113-3 
was grown in a medium containing 1 X 10-° m vitamin Biz 
(the smallest concentration permitting full growth of the culture). 
The vitamin B,2 contained 1 ue of Co® radioactivity (690,000 
c.p.m.). The cells were harvested, suspended in 4 volumes of 
0.05 m potassium phosphate buffer at pH 7.2, and treated with 
a sonic oscillator for 20 minutes. The supernatant fluid which 
was obtained after removal of the sediment in the ultracentrifuge 
contained one-half of the added Co® (377,000 c.p.m.). The 
fraction of this solution which was precipitated with ammonium 
sulfate between 35 and 50% of saturation was found to contain 
200,000 c.p.m. of Co®. After dialysis this fraction was then 
subjected to hydroxylapatite chromatography (15). Stepwise 
elution of the adsorbed proteins from the column was performed 
with phosphate buffers of increasing concentration at pH 6.8. 
In a single series of eluted fractions which contained only 4% 
of the soluble protein 36% of the soluble radioactivity (125,000 
¢.p.m.) was recovered (Fig. 2). The material of the main radioac- 
tive peak was capable of increasing methionine biosynthesis when 
added to the otherwise inactive extract of strain 113-3 which had 
been cultured on methionine. The Co® (presumably as a vitamin 
By derivative) present in this protein fraction was only 345 the 
vitamin B,2 necessary to activate an extract of strain 113-3 of 
E. coli grown on methionine for comparable methionine synthe- 
sis in the enzymatic system described. 

The radioactive Co® bound to the active enzyme fraction was 
hot removed by exhaustive dialysis against water or by treat- 
ment of the protein solution with charcoal. Heating at 95° 
for 4 minutes destroyed the enzymatic activity completely. 

A portion of the pooled radioactive fractions from the hydroxyl- 
apatite column was dialyzed against water overnight and lyophil- 
ized. The lyophilized material was dissolved in a small volume 
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of 0.05 mM potassium phosphate buffer (pH 7.2) and heated at 
90° for 4 minutes. The denatured protein was removed by 
centrifugation. Fifty-seven per cent of the radioactivity re- 
mained in the supernatant solution. The solution was subjected 
to descending chromatography in secondary butanol saturated 
with a 0.025% solution of KCN. It was found that the radio- 
active cobalt and the microbiological activity for Lactobacillus 
lecchmannii migrated with the same Ry as vitamin By. This 
experiment provides evidence that the radioactive cobalt re- 
leased from the enzyme fraction is a constituent of a cobamide 
derivative. 


400 T 


300 


mu moles 
mg protein 


200 


Methionine Synthesized 


| | 


4 37 
) 


10 9 8 7 6 5 
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Fig. 1. Relationship between concentration of vitamin Bi» 
added in vitro and methionine synthesis by an extract of E. coli 
113-3 grown on methionine. The incubation mixture contained 
5 mM fructose-1,6-diphosphate in addition to those components 
described in the text. FAD was omitted. The amount of the 
cell extract was 0.92 mg per ml of final incubation volume. In- 
cubation was for 2 hours. 
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Fic. 2. Hydroxylapatite column chromatogram of ammonium 
sulfate fraction (35 to 50% of saturation) of the extract of E. coli 
113-3 grown on radioactive vitamin Bi: and limiting methionine. 
The column size was 1.2 X 10cm. The protein fraction (55 mg) 
containing 159,000 c.p.m. was loaded on the column and eluted 
as indicated in the figure. The enzyme activity is expressed as 
myumoles of methionine synthesized per ml of the column eluate. 
This value was calculated by dividing the amount of methionine 
synthesized in 1 ml of incubation volume by the volume (ml) of 
eluate added per ml of the incubation mixture. The incubation 
was carried out for 2 hours under the conditions described in the 
text. A total of 3.2 mg of the extract of cells grown on limiting 
methionine were added per ml of incubation volume as the source 
of other essential enzymes. 
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Purification of Apoenzyme of By. Enzyme 


Since methionine may be synthesized by an extract of strain 
113-3 grown on methionine, in the presence either of added 
vitamin By or Biz enzyme, it was concluded that the extract 
contains the apoenzyme of the Biz enzyme. The isolation of 
the apoenzyme was therefore attempted. 

For assay of apoenzyme activity, fractions were incubated with 
serine hydroxymethylase, 205-2 enzyme, and 10-* m vitamin 
Biz, in addition to the components of the incubation mixture 
described under ‘‘Experimental Procedure.’”’ The fraction of 
the extract of strain 113-3 grown on methionine which precipi- 
tated between 45 and 70°% of saturation with ammonium sulfate 
was used as a source of serine hydroxymethylase and 205-2 
enzyme, since this fraction was practically free from apoenzyme 
activity. 

The apoenzyme, which was isolated by a modification of the 
procedure used for the purification of the Biz enzyme (15), proved 
to be less stable than the By. holoenzyme during purification. 
The stability of the apoenzyme could be improved, however, by 
use of a phosphate buffer at pH 7.4 to 7.6 throughout the pro- 
cedure and by inclusion of the sulfhydryl compound, cysteine, 
at the critical steps. Despite these precautions, the degree of 
purification and the yield of enzyme varied considerably from 
experiment to experiment. 

Step 1. Preparation of Cell-free Extracts—The cell paste (20 
to 25 g from one 15-liter carboy culture) of the strain 113-3 of 
E. coli grown on limiting methionine (Table I, reference (15)) 
was frozen in liquid nitrogen and the cells were broken with a 
Hughes press. The pressed material was taken up in 3 to 4 
volumes of 0.2 m phosphate buffer composed of 4 parts of KzHPO, 
to 1 part of KH2PO,, henceforth designated as KPO, (4:1), and 
was then treated with DNase (15). After centrifugation of the 
suspension in a Spinco model L centrifuge at 100,000 x g for 
60 minutes, the clear supernatant solution was separated, treated 
with RNase (200 ug per ml at 37° for 15 minutes), and stored 
frozen overnight. 

Step 2. Ammonium Sulfate Fractionation—A precipitate 
which was present upon thawing was separated and the super- 
natant fluid was fractionated with ammonium sulfate with 
careful control of pH (15). The fraction precipitating between 
35 and 45% of saturation was dissolved in 10 ml of 0.05 m KPO, 
(4:1) buffer and was dialyzed against a 0.01 Mm solution of the 
same buffer. The specific activity of this fraction was 2 to 4 
times greater than that of the initial extract. The enzyme ac- 
tivity was obtained in approximately 80% yield. 

Step 3. Fractionation on Calcium Phosphate Gel—The dialyzed 
35 to 45% ammonium sulfate fraction was diluted with 0.01 
mM KPO, (4:1) buffer so that the final concentration of protein 
became 10 mg per ml. Calcium phosphate gel (15) was added 
with stirring at the ratio (mg per mg) of gel to protein of 1.67 
in the presence of cysteine (0.002 m). The mixture was stirred 
for 15 minutes and centrifuged. Proteins adsorbed on the gel 
were eluted twice with 5 ml of 0.03 m KPO, (4:1) buffer contain- 
ing 0.002 m cysteine and the eluates were combined. The 
specific activity of the enzyme was increased in the gel step 
approximately 2- to 3-fold. The enzyme activity was obtained 
in about 50% yield. 

Step 4. Hydroxylapatite Column Chromatography—The gel 
eluate was diluted with 2 volumes of water and put on a hy- 
droxylapatite column (1.0 X 13.0 em) which had been equili- 
brated with 0.01 m KPO, (4:1) buffer. The column was eluted 


Enzymatic Synthesis of Methionine. 


IT 


stepwise with 10 ml each of 0.02 m, 0.03 m, 0.04 m, 0.05 M, and 
0.06 m KPO, (4:1) buffers containing 0.002 m cysteine. The 
elution flow rate was about 0.5 ml per minute. The apoenzyme 
was usually eluted very sharply after addition of 0.05 m buffer 
to the column, but sometimes the eluate of the 0.06 m buffer 
contained a small part of the total apoenzyme activity. The 
protein concentration of the 0.05 m buffer eluate was about 1 mg 
per ml. 


in a yield of 40 to 60%. 


The specific activity of the apoenzyme ranged from 700 to — 


1200 in terms of the number of millimicromoles of methionine syp. 
thesized in 3 hours per mg of protein. The specific activity of 
the original supernatant fluid of pressed cells ranged from 50 to 
110. The activity loss on storage at —15° was 78% after § 


months in the absence of a sulfhydryl compound, but only 16% | 


after 5 months in the presence of 0.002 m cysteine. 

Step 5. DEAE-cellulose Column Chromatography—aAlthough 
in the following studies of By enzyme formation from the 
apoenzyme the 0.05 m buffer eluate of the hydroxylapatite 
column chromatography was used, DEAE-cellulose (obtained 
from the Brown Company) column chromatography proved to 
be a good method for further purification. The 0.05 m buffer 
eluate from the hydroxylapatite column was put on a DEAE. 
cellulose column (0.8 & 7.4 em) (15) which had been equilibrated 
with 0.05 m KPO, (4:1) buffer. A linear gradient method (18) 
was used for elution with 15 ml of 0.05 m KPO, (4:1) buffer in 
the mixer and 15 ml of 0.30 m KPO, (4:1) buffer in the reservoir, 


The flow rate was 0.2 ml per minute. Fractions of 2 ml were | 


collected. The bulk of the apoenzyme activity appeared in the 
8th to the 11th fractions which were pooled. The enzyme was 
purified 3-fold by this procedure and was obtained in 32% yield. 


The apoenzyme at this stage had a specific activity approximately — 


30 times greater than that of the original extract and was ob- 
tained in an over-all yield of 4%. 


Inhibition by Antimetabolites of Activation of 
Vitamin By. in Vitro 


Data are available on the inhibition of the activation of vita- 
min By. by antimetabolites of vitamin By. Under the conditions 
of the experiments, methionine synthesis began in the system 
after a short lag period (not more than 10 minutes) and pro- 
ceeded in a linear manner for at least 2 hours (15). Therefore, 
it was permissible to use the results of 2-hour incubation exper- 
ments as approximate measurements of the rate of the reaction 
catalyzed by the holoenzyme formed by the interaction of vita- 
min By, and the apoenzyme. 

Inhibition of the action of vitamin Bi. in vitro was studied 
with two antimetabolites. One of these substances is desig- 
nated as the monocarboxylic acids and consists of a mixture of 
the three isomeric compounds obtained upon hydrolytic removal 
of one of the terminal amide groups on the free propionamide 
side chains of vitamin B,2. The other antimetabolite, designated 
as the ethylamide of vitamin Bie, was prepared from the mono- 
carboxylic acids by formation of a substituted amide grouping. 
This derivative is likewise a mixture of three isomers. 

The results of the inhibition experiments are presented in 
Table I. The two antimetabolites behaved similarly in showing 
a competitive relationship with vitamin Bis. The conclusion 
was drawn that the affinity of the apoenzyme was slightly greater 
for the antimetabolites than for vitamin Bis. The antimetabo- 


The enzyme was purified by hydroxylapatite column) | 
chromatography approximately 2- to 3-fold and was obtained © 
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TABLE I 
Competitive inhibition of activity of vitamin Biz 
by antimetabolites 
The extract of pressed cells grown on methionine was incubated 


under the conditions described in the legend of Fig. 1. The incu- 
bation mixture contained 1.1 mg of protein per ml. 
Antimetabolite | Concentration | Vitamin Biz 
M mymoles 

0 5 

Monocarboxylic acids. 1077 1-8 57 
Monocarboxylic acids. ... 10-6 10-6 24 
Monocarboxylic acids. .. 10-5 10-8 14 
Monocarboxylic acids .... 10-5 10-5 4] 
Monocarboxylic acids. ... 10-6 10-5 47 
Ethylamides............. 10-7 10-8 58 
Ethylamides............. 10-6 10-8 30 
Ethylamides............. 10-5 10-6 13 
Ethylamides............. 10-6 10-5 53 


* This value is probably low. The value obtained under the 
same conditions with the same enzyme preparation in a previous 
experiment was 74 myumoles of methionine synthesized. 


lites tested did not show any inhibitory effect on methionine 
synthesis catalyzed by naturally occurring Biz enzyme, i.e. 
enzyme purified from strain 113-3 which had been cultured on 
vitamin B,2 plus methionine. 


Requirement for Formation of Bi. Enzyme from Vitamin Bye 
and Apoenzyme in Vitro 


Since the apoenzyme preparation (hydroxylapatite column 
eluate fraction) was converted into an active form for methio- 
nine synthesis in the presence of vitamin Biz, the conditions 
necessary for this transformation were studied. Formation of 
active holoenzyme could be assayed only indirectly by measure- 
ment of methionine synthesis in a complete incubation system. 
The necessary addition of all substrates and cofactors of the 
complete system obscured the role of particular components in 
the preliminary formation of the holoenzyme. In order to 
avoid this difficulty, the following method was devised. The 
apoenzyme eluted from the hydroxylapatite column was incu- 
bated for 1 hour with vitamin B,2 and with the other additions 
to be studied. To this incubation mixture were then added the 
remaining components essential for methionine synthesis, 1.e. 
other essential enzymes contained in the 45 to 70% ammonium 
sulfate fraction, serine, homocysteine, and all cofactors described 
previously (15). In addition to these components, an anti- 
metabolite, the ethylamide derivative of vitamin By, was 
included. The presence of this antimetabolite prevents further 
conversion of the apoenzyme to the Biz holoenzyme by free 
vitamin Bi. carried over from the preliminary incubation. 
However, an antimetabolite does not inhibit methionine synthe- 
sis catalyzed by the Biz holoenzyme which had been formed 
during the preliminary incubation. A control vessel was in- 
cluded, in which the compounds to be tested were present but 
addition of vitamin B,2 was postponed until the second incuba- 
tion was started in the presence of the antimetabolite of vitamin 
Bi. The amount of methionine synthesized in this control 
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vessel was nearly as low as that in the vessel to which no apo- 
enzyme was added during either incubation period. The former 
value was subtracted from the amount of methionine formed in 
the experimental vessels. Since the apoenzyme lost activity 
upon incubation at 37°, a sulfhydryl compound in the form of 
either cysteine or homocysteine was added to prevent this de- 
terioration (Table II). Although preparations of the enzyme 
from the hydroxylapatite column usually contained 0.002 m 
cysteine, homocysteine, which has the advantage of being a 
substrate in the second incubation, was always added to the 
preliminary incubation mixture to insure a sufficient concen- 
tration of sulfhydryl compound. The optimal formation of Bie 
enzyme was obtained when the apoenzyme was incubated with 
vitamin By in the presence of homocysteine, folate-H,, FAD, 
ATP, and Mg ion. The requirement for ATP and Mg ion was 
less marked than were the requirements for the other components. 
However, if the apoenzyme was treated with charcoal in advance 
of the preliminary incubation, the effect of each one of the 
components was clearly observed (Table III). Tetrahydropter- 
oyltriglutamate and flavin mononucleotide could substitute for 
folate-H, and FAD, respectively. However, flavin mononucleo- 
tide was somewhat less active than FAD. Folate-H:2 was totally 
inactive in replacing folate-H,. 


Comparison of Vitamin Bi. and Some of its Derivatives as Substrates 
for Formation of Holoenzyme 


A few vitamin By: derivatives were tested for their ability to 
participate in the formation of the active holoenzyme. When 
the derivatives were tested with a crude extract of cells grown 
on methionine, dicyanocobalamin and hydroxocobalamin were 
slightly more active than vitamin B,2 at equivalent concentra- 
tions (Table IV, Experiment A.) 

Samples of crystalline DBC coenzyme (4) were tested for 
activity in the system for methionine synthesis (Table V). The 
DBC coenzyme showed about the same activity as vitamin Be 
itself with the extract of strain 113-3 which had been cultured on 


TABLE II 


Protective effect of sulfhydryl compounds upon deterioration 
of apoenzyme activity 

For this particular experiment the apoenzyme preparation was 
eluted from the hydroxylapatite column without addition of 
cysteine to the buffer. The apoenzyme preparation (75 ug) was 
incubated in 50 mm KPO, (4:1) buffer with or without 10 mm sulf- 
hydryl compound in a volume of 0.25 ml at 37° for 30 minutes. 
Then vitamin B;2 (10-* mM) and the components of the reaction 
mixture for methionine synthesis described under ‘‘Experimental 
Procedure’’ were added in a final volume of 0.5 ml. The incuba- 
tion was continued at 37° for 3 hours. The amount of ammonium 
sulfate fraction precipitating between 45 and 70% of saturation 
that was added in the second incubation was 1.1 mg of protein per 
ml of final incubation volume. 
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TaBLe III 


Requirements for optimal formation of Biz enzyme from apoenzyme 
and vitamin Byi2 in vitro 

In the preliminary incubation for Biz enzyme formation the 
complete mixture (0.25 ml) contained 50 mm KPO, (4:1) buffer, 10 
mM L-homocysteine, 0.5 mm folate-H,, 0.2 mm FAD, 5 mm ATP, 
10 mm MgSO,, 10-* m vitamin Bie, and the apoenzyme preparation 
(160 zg) which had been treated with charcoal (1 mg per mg of 
protein, stirred for 15 minutes at 3°). After incubation at 37° 
for 1 hour, the ethylamide derivative of vitamin Bi. was added at 
a final concentration of 10-*° mM, together with 0.65 mg of the am- 
monium sulfate fraction (45 to 70% of saturation) and other com- 
ponents for methionine synthesis required in addition to those 
already present in the preliminary incubation mixture. The final 
volume was 0.5 ml. The incubation was continued at 37° for 3 


hours. 
Omission in preliminary incubation | Methionine synthesized/ml 
mymoles 

Folate-H,, FAD, ATP, MgSQ,............ 17 


TABLE IV 
Activity of vitamin By». derivatives in methionine synthesis in vitro 


In Experiment A, the crude extract of cells grown on methionine 
(1.4 mg of protein per ml) was incubated with 10~* m cobamide 
derivative for 2 hours at 37° under the conditions described 
previously (15). 

In Experiment B, 75 ug of the apoenzyme preparation (eluate 
of hydroxylapatite column) were incubated with 10~* m cobamide 
derivative in the presence of 50 mm KPO, (4:1) buffer, 10 mM L- 
homocysteine, 0.5 mm folate-H,, and 0.2 mm FAD in a volume of 
0.25 ml for 1 hour. The vitamin Bi2 antimetabolite was added 
along with the other required components of the enzymatic sys- 
tem and the incubation was continued as described in Table III. 


7 A Cobamid Methioni 
mymoles 
A Cell extract None 8 
Vitamin Biz (cyano- 64 
cobalamin) 
Hydroxocobalamin 78 
Dicyanocobalamin 83 
B Purified None 12 
Vitamin Bye 108 
Pseudovitamin Bye 135 
DBC coenzyme 32 
Factor B 17 
methionine. However, after charcoal treatment or after frac- 


tionation of the extract with ammonium sulfate, the effectiveness 
of the derivative was reduced far below that of vitamin By». 

The ethylamide derivative of vitamin Bi. at a concentration 
of 10-5 m severely inhibits the action of vitamin B,2 when present 
at a concentration of 10-§ m (Table I). However, the action 


of the DBC coenzyme in the crude untreated cell extract is not 
affected under these circumstances by the presence of the anti- 


metabolite. 
When vitamin B,2 and the DBC coenzyme were added together 
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to an incubation mixture containing extract of strain 113-3 which 
had been treated with charcoal or fractionated with ammonium 
sulfate, the activity of the system was reduced to approximately 
the level exhibited with the DBC coenzyme alone. Thus, the 
DBC coenzyme appears to act as a competitive inhibitor of the 
action of vitamin Bi, under these particular circumstances. 

When tested with the purified apoenzyme, pseudovitamin B,, 
was slightly more active than vitamin Biz (Table IV, Experi. 
ment B). The DBC coenzyme showed 30% of the activity 
exhibited by vitamin B,. under the same conditions. 
had no activity. 


Purification of Radioactive By. Enzyme Formed in Vitro 


To determine whether the accessory cofactors concerned with 
the formation of active holoenzyme effected the binding of 
vitamin B,2 to the apoenzyme, radioactive vitamin B,2-Co® was 
incubated with the apoenzyme preparation and other components 
for 13 hours. The radioactive vitamin B,2 was diluted 200 times 
with nonradioactive vitamin By. at the end of incubation, 
The mixture was then placed on a column of DEAE-cellulose, 
The unreacted radioactive vitamin Bz passed directly through 
the column with the carrier. After the column was washed with 
0.05 m KPO, (4:1) buffer, proteins were eluted stepwise with 
KPO, (4:1) buffers of increasing molarity. Each of the column 
fractions was assayed for protein, radioactivity, and Bi: enzyme 
activity. 

Fig. 34 shows the chromatogram obtained from the reaction 
mixture which contained only the apoenzyme and vitamin B, 
in addition to phosphate buffer and homocysteine. Small 
amounts of radioactivity were eluted in two regions, one of 
which corresponds to the region in which Bz enzyme normally 


TABLE V 
Comparison of activity of vitamin B,2 and DBC coenzyme in 
methionine synthesis in vitro 

The incubation was carried out for 2 hours at 37° under the 
conditions described in Table II, reference (15). When added, the 
cobamide derivative was present in a final concentration of 10° 
M. The amounts of enzyme preparation added in Experiments 
A, B, and C were, respectively, 1.4, 1.6, and 2.7 mg of protein per 
ml of final incubation volume. 


Cobamide present 
Vitamin Biz coenzyme 
mmoles 
A Extract 8 
+> 140 
+ 89 
B Charcoal-treated 14 
extract* + 36 
— + 17 
+ + 18 
C Recombined am- 16 
monium sulfate + = 144 
fractionsT + 43 
+ + 51 


* The extract was treated with 2.5 mg of charcoal per mg of — 


protein for 10 minutes at 37° and then for 20 minutes at 6°. 
+ Consisting of 1.05 mg of the 35 to 45%, 0.95 mg of the 45 to 55%, 
and 0.70 mg of the 55 to 70% fractions. 
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Fic. 3. In all experiments the apoenzyme preparation (4.8 mg 
of protein) was incubated at 37° for 13 hours in a volume of 5 ml 
containing mM vitamin B,2-Co® (88,400 c.p.m. per myumole), 
50mm KPO, (4:1) buffer, and 10 mm L-homocysteine; in the experi- 
ments shown in Fig. 3B and 3C, 0.5 mm folate-H,, 0.2 mm FAD, 
5mm ATP, and 10 mm MgSO, were included; in the experiment 
in Fig. 3C the ethylamide derivative of vitamin Biz (10-5 mM) was 
present. After incubation, 1 umole of unlabeled vitamin By2 was 
added to the incubation mixture. The incubation mixture was 
then placed on a DEAE-cellulose column (0.35 cm in diameter by 
10cm long). The column was washed with 10 ml of 0.05 m KPO, 
(4:1) buffer and the proteins were eluted stepwise with 1 ml each 
of the KPO, (4:1) buffers of increasing molarity as indicated on 
the graph. The enzyme activity is expressed in the same way as 
in Fig. 2. The incubation was carried out for 3 hours under the 
conditions described in the text; 1.3 mg of the ammonium sulfate 
fraction precipitating between 45 and 70% of saturation were 
added per ml of incubation volume as the source of other essential 
enzymes. 


appears (fractions between 0.16 and 0.22 m phosphate buffer). 
However, the enzymatic activity of these fractions was negligible. 

In Fig. 3B the chromatogram of the proteins is shown for the 
incubation mixture for optimal holoenzyme formation (i.e. a 
mixture containing vitamin B,2, homocysteine, folate-H,, FAD, 
ATP, and Mg++). The radioactivity was eluted at the expected 
location for B12 enzyme and was clearly separated from the bulk 
of the protein by this chromatographic procedure. The radio- 
active fractions were found to possess a large amount of Bie 
enzyme activity. The recovery of the Biz enzyme activity after 
the column chromatography was 98%. The total radioactivity 
eluted from the column represented 3.16 X 10-5 umoles of vita- 
min By, or 0.63% of the vitamin B,. added in the incubation 
mixture. These results indicate that the nonspecific binding of 
vitamin By is negligibly low and that the specific activation, and 
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perhaps also the binding of vitamin By, is dependent on the 
addition of the indicated cofactors. | 

Fig. 3C shows the chromatogram of the proteins of a reaction 
mixture which was incubated with the same accessory cofactors 
as described for Fig. 3B but in the presence of an antimetabolite, 
the ethylamide derivative of vitamin Biz. Very little radio- 
activity or enzyme activity was eluted from the column at the 
place corresponding to the elution of Biz enzyme. These experi- 
ments demonstrate that the antimetabolites inhibit not only the 
formation of active Bi: enzyme but also the binding of radio- 
active vitamin B,2 to the apoenzyme. 

A comparison has been made in Table VI of the “turnover 
number” of the natural Biz. enzyme purified from the cells grown 
on vitamin By and of the holoenzyme formed in vitro. This 
latter enzyme was the most active fraction reisolated with use 
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TaBLe VI 
“Turnover number’’ of enzyme 


Biz enzyme prepared from Turnover number* 


Apoenzyme in vitro................ | 5.4 10? 
Cells grown on vitamin Biz............... | 4.7 X 10? 


* Turnover number in this instance is expressed as the number 
of moles of methionine synthesized per minute per mole of Biz 
enzyme under the assumption that only one cobamide molecule is 
bound per molecule of enzyme. 


of the DEAE-cellulose column (Fig. 3B) after combination of 
vitamin By and the apoenzyme prepared through Step 4. The 
“turnover numbers”’ of these two enzyme preparations corre- 
spond closely. 


DISCUSSION 


The experimental data which have been presented indicate 
that a derivative of vitamin B,2 is the prosthetic group of one of 
the enzymes concerned in the synthesis of the methyl group of 
methionine in £. colt. However, the form of cobamide contained 
in this enzyme appears not to be identical with the DBC co- 
enzyme which is involved in the rearrangements of glutamate to 
8-methyl aspartate (4) and of methylmalonyl-CoA to succiny]l- 
CoA (5, 12-14). The nature of the reaction catalyzed by this 
cobamide-containing enzyme and the role of the cobamide in 
this reaction are as yet unknown. 

The presence of the apoenzyme in the cells grown on methio- 
nine and its partial purification have also been described in this 
paper. The apoenzyme is strikingly unstable compared to its 
holoenzyme. A purification of 30-fold was achieved by ‘main- 
taining a slightly higher pH than that required for the holoen- 
zyme during the purification and by using cysteine as a sulfhy- 
dryl protecting agent. 

The conditions for the transformation of the apoenzyme to the 
holoenzyme have been studied. The mechanism of participation 
of the four necessary components, 2.e. folate-H,, FAD, ATP, and 
Mg ion, for the optimal formation of Biz. enzyme is as yet un- 
known. In view of the relatively large number of components 
involved in this reaction it is probable that an enzymatic trans- 
formation of the vitamin B,2 molecule takes place before its 
combination with the apoenzyme, and that the apoenzyme 
preparation contains more than one enzyme necessary for the 
over-all process of B,. enzyme formation. 


SUMMARY 


One of the essential enzymes involved in the biosynthesis of the 
methyl group of methionine in strain 113-3 of Escherichia coli 
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contains a derivative of vitamin B,.2 as a prosthetic group. The 
cells of strain 113-3 which have been cultured on methionine 


contain an apoenzyme which forms the B,z enzyme upon incuba- [ 


tion with vitamin By or other closely related derivatives. The 
apoenzyme was purified approximately 30-fold by several enzyme 
purification procedures. 

The optimal formation of the Biz enzyme from its apoenzyme 
and vitamin B,. was obtained by incubation in the presence of 
tetrahydrofolate, flavin adenine dinucleotide, adenosine tri- 
phosphate, and magnesium ion. The Bis enzyme formed in 
vitro under the optimal conditions had an activity comparable to 
that of the natural B,. enzyme purified from the cells of strain 
113-3 which had been cultured on vitamin Bo. 

Antimetabolites of vitamin Bie, the ethylamide and monocar. 
boxylic acid derivatives of vitamin By, inhibit competitively the 
formation of Biz enzyme from the apoenzyme and vitamin B,, 
but have no effect upon the function of the Bi. holoenzyme in 
the methionine-synthesizing system. 

The dimethylbenzimidazolylcobamide coenzyme described by 
Barker et al. is only partially active in forming the Bis enzyme 


from apoenzyme in vitra. 
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Incorporation of plasma-bound iron into ferritin of liver and 
spleen of the rat is a dynamic process which accounts for 10% 
of the iron which normally leaves the plasma. It involves the 
reaction of adenosine triphosphate and ascorbic acid with iron 
bound to a B-globulin of the plasma, transferrin, and leads to the 
transfer of this iron to ferritin. Evidence for this mechanism 
has been obtained from studies with rat liver slices, homogenates, 
cell-free extracts, and purified compounds (1). The present 
study, which describes experiments with the intact animal, offers 
confirmation of our findings in vitro. Alterations in the extent 
of serum iron incorporation into ferritin of rat liver and spleen 
in vivo coincide with experimentally induced alterations in oxida- 
tive metabolism of these tissues, as measured by changes in con- 
tent of ribonucleic and deoxyribonucleic acids and protein, and 
by changes in extent of oxidative phosphorylation by liver 
mitochondria. These alterations are taken as evidence of 
increased or decreased synthesis of adenosine triphosphate 
within the cell. The relationship of ascorbic acid to the incor- 
poration reaction is demonstrated by an impairment of this reac- 
tion in the liver and spleen of the ascorbic acid-deficient guinea 


pig. 
EXPERIMENTAL PROCEDURE 


Determination of serum iron incorporation into ferritin of 
liver and spleen of the intact animal was performed by treating 
the animal by intravenous injection with serum-bound Fe*? pre- 
pared by incubation of Fe**-labeled ferric chloride with normal 
donor serum. Exactly 2 hours after administration of the isotope, 
the liver and spleen were perfused in situ with chilled 0.9% NaCl, 
removed, sliced, blotted, and weighed. Aliquots of 1.0 g of 
liver and pooled spleens from several rats were homogenized with 
Ringer-phosphate solution pH 7.4, and the ferritin was isolated 
as the antibody complex (1). Rabbit antiserum to crystalline 
horse ferritin was found to be capable of quantitatively precipi- 
tating crystalline rat or guinea pig ferritin from solution, provid- 
ing that sufficient antiserum was added. Additional aliquots of 
tissue were analyzed for RNA and DNA by the method of 
Schneider (2) and for total protein by the Lowry method (3). 

Determination of Qo, , lactic acid production, and oxidation of 
C4labeled glucose to C“O. was performed with tissue slices. 
These were incubated in Warburg vessels with 3.0 ml of Krebs- 
Ringer-phosphate solution containing 1.8 mg of glucose per ml. 
The center well contained filter paper and alkali to trap COs. 
The gas phase was 100% oxygen and the temperature 37°. After 


* This work was aided by a grant (A-1655) from the National 
Institutes of Health, United States Public Health Service. 


equilibration for 5 minutes, control flasks containing trichloro- 
acetic acid in the side arm were tipped and the contents analyzed 
for lactic acid by the method of Barker and Summerson (4). 
Oxygen consumption was measured in the remaining flasks for a 
period of 30 minutes, and trichloroacetic acid in the side arms 
was added. The contents were then analyzed for lactic acid. 
In those flasks which contained C'-glucose, the contents of the 
center well were removed, the filter paper was washed, BaCl. 
added, and BaCQ; isolated for determination of radioactivity. 
Measurement of oxidative phosphorylation by liver mitochondria 
was performed by the method of Burch et al. (5), with glutamate 
as substrate. 

Female rats, weighing 150 to 180 g of the CFN strain, were 
obtained from Carworth Farms, Inc., New City, New York. 
Thyroidectomized rats, together with controls of the same 
weight, were obtained from Charles River Breeding Laboratories, 
Inc., Brookline, Massachusetts. Successful thyroidectomy was 
confirmed by decreased growth rate, lowered liver weights, and 
by lowered Qo, of liver slices, ascompared withcontrols. Partial 
hepatectomy was performed by the method of Higgins and 
Anderson (6). Guinea pigs were made deficient in ascorbic acid 
by placing them on a diet of rat pellets for several weeks. Con- 
trol animals were fed rat pellets and, in addition, fresh lettuce 
and carrots daily. Evidence of ascorbic acid deficiency was the 
finding of an absence of ascorbic acid in the blood and a reduction 
of liver ascorbic acid by approximately 50% as measured by the 
method of Bessey (7). 

Bacterial endotoxins (lipopolysaccharides; Escherichia coli 
026-B6 and 0111-B4, and Serratia marcescens) were obtained 
from Difco Laboratories, Inc., Detroit, Michigan and thyroxine 
from Travenol Laboratories, Inc., Morton Grove, Illinois. A 
culture of E. colt was obtained from Dr. 8. Hadley, the New York 
Hospital, and colloidal carbon was a gift from Dr. B. Benacerraf, 
New York University Medical College. 


RESULTS 


Effect of Ascorbic Acid Deficiency on Ferritin Iron Incorpora- 
tion—The experimental results listed in Table I show that there 
is a marked impairment of serum iron incorporation into liver 
and spleen ferritins in the ascorbic acid-deficient pig. Although 
some weight loss occurred as a result of the deficient diet, there 
was overlapping of body weight between the two groups of ani- 
mals. This was accomplished by reducing the time during which 
the experimental group was maintained on the deficient diet. 
Confirmation of the observed decrease of serum Fe*? was a lower 
chemical iron content of ferritin which was isolated from tissues 
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TABLE I 
Effect of ascorbic acid deficiency on serum tron incorporation into 
guinea pig ferritin 
Control animals: two male and three female, average body 
weight 342 g (235 to 414 g). Deficient animals: three male and 


three female, average body weight 264 g (225 to 313 g). Results 
are expressed as the mean + standard deviation. 
Controls Deficient 

Liver 

Ferritin Fe® (% of dose)... . 1.6 + 0.3 0.4 + 0.022 

Ferritin iron (wg)........... 130 + 25 49 + 8? 
Spleen 

Ferritin Fe® (% of dose)... 0.28 + 0.08 0.12 + 0.02° 

Ferritin iron (ug)........... 64 4+ 15 31 + 3° 


* Significance of difference from control; p = <0.001 calculated 
from Students’ ¢ test. 
’p <0.005. 


of ascorbic acid-deficient animals. The ascorbic acid content of 
livers from the control animals averaged 2.3 + 0.7 mg (standard 
deviation), whereas that from the deficient animals averaged 
0.9 + 0.4 mg; p <0.001. 

Effect of Liver Regeneration after Partial Hepatectomy—aAfter 
removal of the median and left lateral lobes of the rat liver, this 
tissue is rapidly regenerated, reaching 70 to 80% of its original 
weight within 10 days (8). The rapid replacement of RNA, 
DNA, and protein which accompanies this rapid growth may be 
interpreted as due to increased oxidative metabolic activity lead- 
ing to synthesis of ATP which is required for the synthesis of 
these compounds. [If ferritin iron incorporation is a function of 
the rate of ATP synthesis, one should also observe an increase 
in the former. Rats were subjected to partial hepatectomy, 
resulting in the removal of 64% of the total liver. At various 
intervals, groups of six rats were given injections of serum Fe*® 
and their tissues examined after 2 hours. The results of analyses 
performed on the remaining liver lobes are shown in Table II, 
expressed per gram of wet weight of liver. Marked increases in 
RNA and ferritin Fe®® were noted 24 hours after hepatectomy, 
and these values remained elevated for 4 days. Although DNA 
and protein per gram of liver remained constant, as the tissue 
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increased in total weight, the synthesis of these compounds wag 
accelerated proportionately. The observed increase in ferritin 
iron incorporation occurred at a time when RNA content was 
also elevated. It was of interest to note that on the 11th day, 
the ferritin Fe®® content was significantly lower than that found 
in control rats. A probable explanation for this phenomenon jg 
suggested by values for chemical iron content of the ferritins, 
After removal of liver, ferritin iron of the remaining hepatic tis. 
sue decreased below that of normal controls, despite the fact 
that more serum iron was being incorporated into the ferritin, 


It is suggested that iron was being lost from ferritin at this time — 


and diverted for the synthesis of iron-containing compounds 
which had been removed by hepatectomy, e.g. hemoglobin of 
blood, catalase, and cytochromes trapped in excised liver. On 
the 11th day, serum iron was being diverted for the synthesis of 
these compounds at the expense of that required for ferritin in- 
corporation. Of further interest was the finding that ferritin of 


the spleen had incorporated more serum Fe*® in the hepateec. | 


tomized rats than it had in the controls. Ferritin isolated from 
spleens of control rats contained 403 + 25 c.p.m. per gram of 
tissue, whereas 24 hours after partial hepatectomy, spleen ferritin 
averaged 1204 c.p.m. per gram. The latter value represents an 
average of two determinations, each involving spleens from three 


rats. On the 7th day, the average spleen weight of control rats _ 


was 0.35 + 0.03 g, whereas that for the experimental rats was 
0.48 + 0.02 g. 

Effect of Carbon Tetrachloride Administratton—Dianzani (9) 
and Brody (10) have reported a marked decrease in oxidative 
phosphorylation in mitochondria prepared from livers of rats 
given CCl,. Dianzani also reported an increase above normal 
values of oxidative phosphorylation when the rats had been 
treated for 20 to 30 days, and attributed this finding to regenera- 
tion of new liver cells. 


Leevy et al. (11) have demonstrated a 


marked increase above normal of mitosis and of incorporation — 
of tritium-labeled thymidine into DNA of livers from rats several — 


days after administration of CCl, These suggestions of the 
existence of two phases in liver metabolism in rats given CCI, 
prompted us to measure the rate of incorporation of serum Fe* 
into liver and spleen ferritin after a single oral dose of 0.2 ml of 
CCl, per 100 g. of body weight. The results in Table III, ex- 
pressed in terms of total organ weight, demonstrate a significant 
decrease in RNA and ferritin iron incorporation in liver 24 hours 


TaBLeE II 
Effect of regeneration of liver after partial hepatectomy on serum iron incorporation into ferritin in the rat 
Median and left lateral lobes of each rat liver were removed under Nembutal anesthesia, leaving an average of 2.2 + 0.3 g of liver. 


Analyses were performed on the remaining liver lobes, and are expressed per gram wet weight of liver. 


Serum iron incorporation into 


ferritin is expressed as counts per minute of ferritin Fe5’, isolated from 1 g of liver, corrected to an injection of 125,000 c.p.m. of Fe® 


per 100 g of body weight. 


Six to 12 rats were used for each time period. Results are expressed as mean + standard deviation. 


Days Liver weight RNA-P DNA-P Ferritin Fe Ferritin Fe 
g mg/& c.p.m./g ug/g 
Controls 6.1 + 0.5 0.74 + 0.06 0.14 + 0.02 1822 + 280 77 + 8 
1 2.5 + 0.2 1.02 + 0.022 0.13 + 0.02 3717 + 460° 63 + 13 
2 3.3 + 0.5 1.14 + 0.04 0.14 + 0.01 3330 + 410¢ 45 + 142 
4 4.4+ 0.3 0.96 + 0.06 0.18 + 0.01° 2430 + 110° 33 + 5 
7 4.6 + 0.2 0.86 + 0.07 0.16 + 0.03 1550 + 420 28 + 3 
11 5.7 + 0.2 0.69 + 0.03 0.18 + 0.03 1043 + 200 26 + 5 
2p <0.001 
<0.1. 
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TaBLeE III 
Effect of carbon tetrachloride on serum iron incorporation into rat liver and spleen ferritins 


Each rat received an oral dose of 0.2 ml of CCl, per 100 g of body weight. 


Results are expressed per total wet weight of tissue. 


Serum iron incorporation into ferritin is expressed as the percentage of Fe* injected into the animal, corrected to 125,000 c.p.m. per 
100 g of body weight. At least six rats were used for each time period. Results are expressed as the mean + standard deviation. 


Days Organ weight RNA-P | DNA-P | Protein | Ferritin Fe? Ferritin Fe 
mg | mg | mg % 
Liver 
Controls 6.6 + 0.2 4.44 0.3 1.0+ 0.1 0.86 + 0.05 3.9 + 0.5 361 + 50 
] 6.0 + 0.4 3.2 + 0.2¢ 1.0 + 0.1 0.81 + 0.07 1.7 + 0.3¢ 221 + 602 
2 7.0 + 0.5 6.3 + 0.9 1.5 + 0.3 0.97 + 0.08 7.0 + 1.0 383 + 50 
3 7.9 + 0.42 8.6 + 0.72 1.8 + 0.3° 1.08 + 0.052 9.2 + 0.57 455 + 40° 
5) 7.5 + 0.6 5.6 + 0.4 1.1 + 0.2° 1.13 + 0.04 5.4 + 0.3 509 + 100 
Spleen 
Controls 0.39 + 0.04 0.16 + 0.03 0.30 + 0.06 0.068 + 0.001 0.04 + 0.02 5+ 1 
1 0.35 0.23 0.21 0.055 0.06 6 
2 0.64 0.60 0.67 0.092 0.32 31 
3 0.59 0.43 0.38 0.083 0.36 28 
9) 0.35 0.27 0.34 0.081 0.17 19 
ap <0.001. 
bp <0.1. 
¢p <0.005. 


after administration of CCly. After this period, and reaching a 
maximum on the 3rd day, there occurred a marked increase in 
liver weight, RNA, and ferritin iron incorporation. Some in- 
crease in DNA and protein was also seen. Although the spleen 
showed no effects of CCl, at 24 hours, a stimulation of metabo- 
lism, as shown by increases in weight, RNA, DNA, protein, and 
ferritin iron incorporation, was evident on the 2nd and 3rd day 
after administration of CCl,. Since the analytical values for 
spleen were obtained by averaging the values from two experi- 
ments in which three spleens were pooled for each determination, 
standard deviations are not recorded. However, when compared 
with the values and standard deviations of control animals, the 
results obtained with spleens from animals given CCl, are signif- 
icant. 

Effect of Thyroidectomy and Thyroxine—Oxygen consumption 
of liver slices taken from rats made hypothyroid by thyroidec- 
tomy or by thiouracil administration is lower than that of control 
rat livers (12). Venkataramen et al. (13) have demonstrated a 
significantly lowered incorporation of P;* into the terminal P of 
ATP in livers taken from rats made hypothyroid with thiouracil, 
and a significantly increased incorporation in the livers of rats 
made hyperthyroid by feeding desiccated thyroid gland. These 
results may be taken as evidence of alterations in rate of oxidative 
metabolism, leading to changes in rate of ATP synthesis. An 
attempt was made to correlate these findings with changes in 
ferritin iron incorporation. Rats were made hypothyroid by 
thyroidectomy 8 weeks before comparison with suitable control 
rats which had been of the same weight at the start of the experi- 
ment. Several thyroidectomized rats were then given eight 
daily intraperitoneal injections of 15 ug of thyroxine, and studied 
1 to 3 days after the last injection. The results in Table IV 
clearly demonstrate a marked decrease in oxidative metabolism 
of the liver of thyroidectomized rats as shown by a lowered tissue 
weight and RNA content per gram of liver. Although DNA 
and protein content per gram of tissue remained constant, the 
tates of synthesis of these compounds for the total liver were 


also markedly decreased. These effects were associated with a 
marked decrease in ferritin iron incorporation. When compared 
with thyroidectomized rats, animals given thyroxine showed a 
marked increase in RNA content as well as of ferritin iron incor- 
poration. The spleens of thyroidectomized rats showed altera- 
tions essentially similar to that of the liver, with clear evidence 
of decreased ferritin iron incorporation in the spleen from thy- 
roidectomized rats followed by a marked increase after adminis- 
tion of thyroxine. The effects of administered thryoxine to 
control rats are of some interest. As Barker (12) has pointed 
out, it is difficult to determine the “proper” dose of thyroxine 
for control animals, since any exogenous thyroxine will raise the 
level of this compound to abnormally high values. At the dose 
level given in our experiments, there was clear evidence of a de- 
crease in liver weight, although RNA per gram of liver increased 
above that of untreated controls, and DNA and protein in the 
total liver decreased. No effect of thyroxine on spleen metabo- 
lism in control rats was noted, confirming the absence of any 
effect on Qo, of spleen. It should be noted that the values 
shown in Table IV are average values for rats from three separate 
groups of animals studied at intervals of several months. 

Effect of Bacterial Lipopolysaccharides (Endotoxins)—During 
the course of studies designed to explore the possible participa- 
tion of the reticuloendothelial cells (Kupffer cells) of the liver in 
the transport of serum iron to this tissue, rats were given injec- 
tions of bacterial endotoxins, since these have been shown to 
stimulate the phagocytic activity of the reticuloendothelial cells 
(14). Animals received endotoxin intravenously in two divided 
doses at intervals of 24 hours in order to avoid the lethal effects 
of single large doses. Rats were given 10 wg per 100 g of body 
weight as the first injection and 100 ug per 100 g of body weight 
as the second. At suitable time intervals after the last injection, 
animals were given injections of serum-bound Fe*® and were 
studied exactly 2 hours later. Additional animals were treated 
by injection with a test dose of colloidal carbon for measurement 
of its rate of clearance from the circulation (14). Since the liver 
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TaBLe IV 


Effect of thyroidectomy and thyroxine administration on rat liver and spleen nucleic acids 
and protein content, and serum tron incorporation into ferritin 


Thyroidectomized rats were studied 7 to 8 weeks after removal of the gland. Several animals from this group as well as controls 


were then treated by intraperitoneal injection with 15 wg of thyroxine each day for 8 days. 


Each value represents the mean + stand. 


ard deviation for at least nine rats for liver, and one-half this number for spleens, since the latter were pooled for analyses. 


Procedure Organ weight | RNA-P | DNA-P Protein Ferritin Fe59 
| | 
g | me/g | mg/g mg/g c.p.m./8 

Liver 

8.4 + 0.7 + 0.07 0.13 + 0.02 0.15 + 0.01 1600 + 240 

5.9 + 0.57 0.53 + 0.044 0.14 + 0.03 0.16 + 0.01 905 + 1562 

Controls: thyroxine-treated......... 6.8 2+ 0.7° | 0.81 4 0.11¢° 0.17 + 0.01 0.17 + 0.01 1989 + 300 

Thyroidectomy: thyroxine-treated. 5.6 + 0.7¢ | 0.85 + 0.07¢ 0.17 + 0.03 0.18 + 0.01 1880 + 166 
Spleen | | 

0.444 0.10 0.55 + 0.07 0.67 + 0.07 0.16 + 0.01 666 + 116 

Thyroidectomy..................| 0.27 4 0.062 0.49 + 0.06 0.60 + 0.11 0.17 + 0.01 334 + 69+ 

Controls + thyroxine-treated......  ~=6-0.46 + 0.12 0.47 + 0.05 0.66 + 0.03 0.19 + 0.01 526 + 49 

Thyroidectomy + thyroxine- | 

a eee 0.55 + 0.02 0.72 + 0.15 | 0.18 + 0.01 | 701 + 100 

<0.001. 

bp <0.025. 

<0.005. 


and spleen are largely responsible for uptake of carbon, this test 
is a measure of phagocytic activity of these tissues. Table V 
lists the results which show a marked stimulation of serum Fe*® 
incorporation into liver and spleen ferritin in rats which had re- 
ceived endotoxin. The rate of carbon clearance from the circu- 
lation was also elevated as a result of endotoxin. Stimulation 
of iron incorporation was maximal on the Ist day, and return to 
control values on the 3rd day, whereas elevation in carbon clear- 
ance was maximal on the 2nd day and remained elevated on the 
3rd day. Serum Fe** incorporation into total liver tissue as well 
as into its ferritin was also measured at two time intervals after 
the injection of Fe*® into control and endotoxin-injected rats. 
Elevated values for Fe*® were observed for total liver as well as 
for ferritin at 2 hours as well as at 5 hours. These results demon- 
strate that the rate of incorporation of serum-bound iron into 
total liver and ferritin was stimulated in rats which had received 
endotoxin. 


TABLE V 


Effect of endotoxin on phagocytic activity and serum tron 
incorporation into rat liver and spleen ferritin 

Phagocytic activity, the rate of clearance from the plasma of an 
injected dose of colloidal carbon, was determined according to 
Benacerraf (14). It is expressed as AK, the phagocytic index, 
which is calculated from log C,; — log C2/T2 — T1, where C; and 
C2 are carbon concentrations in blood at times 7; and T2, respec- 
tively. Time periods are from last injection of endotoxin. Re- 
sults are expressed as the mean + standard deviation for 8 to 10 
rats at each time period. 


Ferritin Fe in 

Time Phagocytic index (K) 
Liver Spleen 

days of injected Fe* 
Control 3.3 + 0.2 0.09 + 0.02 0.014 + 0.004 
1 9.32 1.5 0.49 + 0.03 0.027 + 0.008 
2 5.0 + 0.3 0.24 + 0.02 | 0.033 + 0.001 
3 3.1 + 0.3 0.28 + 0.02 0.021 + 0.002 


Results of the previous experiment suggested that endotoxin 
might be stimulating serum iron incorporation by stimulating 
oxidative metabolism in liver and spleen. Indeed, we were im- 
pressed by the increased size of spleens in rats which had received 
endotoxin. That this increase in spleen weight was not due to 
engorgement with blood was demonstrated by the finding of 
quantities of hemoglobin in the spleens from rats given endotoxin 
equal to that in spleens from normal controls. Table VI lists 
the results of analyses of livers and spleens, expressed per total 
tissue as well as per gram. Endotoxin-treated rats had an 
increased quantity of RNA, DNA, and protein in liver and 
spleen as well as an increased quantity of Fe*® in ferritin isolated 
from these tissues. Confirmation of the apparent increase in 
serum iron incorporation, as measured with Fe*, was obtained 
by the finding of an increased quantity of total chemical iron in 
ferritins from both livers and spleens. Whereas the spleen fern- 
tin represented an increased quantity of protein nitrogen, liver 
ferritin nitrogen was essentially unchanged. 

Effects similar to those reported in the previous experiments 
have also been obtained with endotoxins prepared from different 
bacteria and also by injecting the endotoxin intraperitoneally. 


In addition, the intravenous injection of viable EZ. coli, harvested © 
after 1 hour of growth, also produced a similar stimulation of the — 


various components of liver and spleen. The continued injection 
of endotoxin each day for several weeks produced antibodies in 
the plasma, as demonstrated by the Ouchterlony technique (15) 


although after several days of rest and when antibodies were — 
still demonstrable, the rats reacted to a challenging dose of 100 
ug of endotoxin per 100 g of body weight with a stimulation d — 
RNA, DNA, protein, and serum Fe*® incorporation into ferritins — 
Finally, injection of the “lipid” fraction 
obtained by hydrolysis of endotoxin with 0.1 N acetic acid (16) 
also produced a positive effect; the polysaccharide portion Was — 


of liver and spleen. 


inactive. 


1 We are indebted to Dr. Lawrence Sonkin., the New York 


Hospital, for these determinations. 
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TaBLe VI 


Effect of endotoxin on rat liver and spleen nucleic acids and protein and on serum tron incorporation into ferritin 


All analyses were performed 24 hours after the second injection of endotoxin (see text). Results are expressed for total wet weight 
of organ as well as per gram wet weight of tissue. Iron incorporation is expressed as the percentage of the injected Fe or as ¢.p.m. 
of ferritin Fe®* per gram of tissue, corrected to the injection of 125,000 c.p.m. per 100 g of body weight. Each value represents the 
mean of at least six rats + standard deviation. 


Total organ Per gram® 
| Controls Endotoxin Controls | Endotoxin 

Liver 

5.1 + 0.4 | 6.3 + 1.0 | 

3.8 + 0.2 6.4 + 0.6¢ 0.61 + 0.04 0.82 + 0.044 

0.73 + 0.10 1.10 + 0.104 0.12 + 0.008 0.15 + £0.02 

| 0.89 + 0.07 1.13 + 0.10° 0.14+ £0.01 0.154 £0.01 

| 3.8 2+ 0.2 9.3 + 1.54 1600 + 250 2757 + 4004 

Ferritin Fe (mg).................. ae 0.47 + 0.06 0.81 + 0.10° 0.08 + 0.01 | 0.11 + £0.02 

0.39 + 0.05 0.43 + 0.06 0.06 + 0.01 0.05 + 0.01 
Spleen | 

0.37 + 0.04 | 0.59 + 0.044 | 

0.17 + 0.03 0.43 + 0.014 0.36 + 0.03 0.89 + «0.024 

| 0.29 + 0.06 0.44 + 0.044 0.72 + 0.09 | 0.86 + 0.02¢ 

Protein (mg)...... 68 + 1 85 + 170 + 10 | 160 + 10 

| 0.09 + 0.02 0.49 + 0.044 380 + 50 | 1140 + 

| 0.015 + 0. 0.044 + 0.0054 0.04 + 0.01 | 0.07 + 0.01 

Ferritin N(mg)........ | 0.019 + .0.005 0.054 + 0.0054 0.07 + 0.01 0.08 + 0.01 


«These values are not derived directl from those listed under ‘‘Total organ,” since a different group of rats was used and total 
organ weights were not determined. 

bp <0.1. 

<0.005. 

4p <0.001. 

<0.05. 


TaBLeE VII 
Effect of endotoxin on metabolism of rat liver and spleen slices 
Oxygen consumption is expressed as ul per mg of dry weight per hour, C' as c.p.m. per mg of dry weight per hour, lactic acid pro- 
duction as wg per mg of dry weight per 30 minutes, and Fe*® as c.p.m. per g of wet weight per hour. Values are expressed as the 
mean + standard deviation, for six determinations. 


C4 in CO? from 
Qo; Aerobic lactate 
C-1 glucose C-6 glucose 
Liver slices 
4.5 +4 0.5 79+49 32+40.7 0.98 + 0.09 170 + 30 
5.6 + 0.4 1992+65 66+0.8 1.60 + 0.24 422 + 70 
Spleen slices | | 
§.1 40.5 30.1429 | 6821.2 4.58 + 0.80 207 + 20 
| 8.4 + 0.9 83.4 + 6.2 8.4 + 1.0 4.52 + 0.30 620 + 75 


* Test for significant difference from control. 


Effect of Endotoxin Injection on Metabolism of Liver and Spleen 
Shices—The results listed in Table VII are clear evidence for in- 
creased metabolic activity of liver and spleen taken from rats 
treated by injection with endotoxin. Values for Qo, were in- 
creased in liver and spleen, and both tissues converted a greater 
than normal quantity of glucose to carbon dioxide as seen from 
the recovery of C-labeled CO. from C-1- plus C-6-labeled 
glucose. The response of liver and spleen from endotoxin- 
treated rats was different with respect to the carbon atoms of 
glucose the conversion of which to CO» was stimulated. Thus, 
liver slices from endotoxin-treated rats yielded an increased 


quantity of C“O, from C-6-labeled glucose, but not from C-1- 
labeled glucose, whereas spleen slices yielded more CO. from 
both types of glucose, especially, however, from C-1-labeled 
glucose. Whereas liver slices from rats given endotoxin pro- 
duced more lactic acid aerobically than did those from control 
animals, there was no difference with regard to lactic acid produc- 
tion by spleen slices. Finally, liver and spleen slices taken from 
animals which had received endotoxin were capable of incorporat- 
ing into ferritin more serum Fe*, added to the incubation me- 
dium (1), than were comparable slices taken from control rats. 
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TaBLe VIII 


Oxidative phosphorylation of liver mitochondria from rats subjected 
to various experimental procedures 


Measurements were made according to Burch et al. (5) with 
glutamate as substrate. Each value is the mean + standard 
deviation for a minimum of six rats. Mitochondria were prepared 
from rat livers 24 hours after partial hepatectomy and 24 hours 
after the second injection of endotoxin. 


Oxygen consumption Pj disappearance 

patoms/hr/mg protein ymoles/hr/mg protein 
4.45 + 0.49 15.6 + 0.7 
Thyroidectomy..............| 3.04 + 0.072 9.0 + 
Control: thyroxine-treated..... 4.52 +4 0.65 14.1 + 0.9 
Thyroidectomy: thyroxine- 

4.48 + 0.28 11.6 + 0.5 
5.03 + 0.17¢ | 15.4 4 1.2¢ 
5.99 + 0.534 | 17.5 4 2.334 
3.67 + 0.19 11.0 + 0.7 
“0.81 + 0.20° 14+ 1.1° 
3.04 + 0.98 10.1 + 1.4 

<0.005. 

>p <0.001. 

<0.025. 

<0.01. 


Oxidative Phosphorylation by Liver Mitochondria—Oxidative 
phosphorylation was measured in liver mitochondria prepared 
from normal rats and compared with that determined for rats 
treated in a variety of ways described in previous sections. Be- 
cause of the difficulty of obtaining reproducible results over a 
period of several days, mitochondria from control rats were 
prepared and assayed at the same time as those from experi- 
mental animals. The results in Table VIII demonstrate a good 
correlation between changes in oxidative phosphorylation and 
other parameters of oxidative metabolism described in earlier 
portions of this report. Oxidative phosphorylation of liver 
mitochondria from thyroidectomized rats and from rats given 
CCl, 24 hours earlier was lower than that measured in control 
rats. Treatment of thyroidectomized rats with thyroxine pro- 
duced an increase in oxidative phosphorylation. Increases above 
normal values were also observed with mitochondria from livers 
of hepatectomized rats as well as from those rats treated with 
bacterial endotoxin. The severity of the decrease of oxidative 
phosphorylation in livers of rats 24 hours after administration of 
CCl, is consistent with the extensive damage suffered by the 
liver at this time and by the fact that 25% of the animals given 
this dose of CCl, died during the first 24 hours. The increased 
oxidative phosphorylation observed in mitochondria from livers 
of rats 3 days after administration of CCl, is in agreement with 
other evidence of tissue regeneration. 


DISCUSSION 


Experimental demonstration of the participation of ATP in 
any specific biochemical reaction in vivo must, at this time, be 
indirect. A direct approach would be to relate alterations in 


rate of the reaction with a corresponding change in rate of ATP 
synthesis in that tissue. 


Measurement of ATP synthesis in vivo, 


Oxidative Metabolism and Ferritin Iron Incorporation 


by determining the rate of incorporation of P;* into ATP, js 
made uncertain by our lack of knowledge of the exact specific 
activity of intracellular Pi, and by the fact that the rate of P, 
incorporation into ATP is very rapid when compared with jt 
penetration into the cell. 
ever, in suggesting alterations in ATP synthesis in vivo, fo 
example in the study of Venkataramen et al. (13), although 
calculation of accurate rates is not feasible. 

Another approach to the measurement of changes in ATP syp. 
thesis in the liver cell involves determination of oxidative phog. 
phorylation in isolated mitochondria in the presence of a suitabk 
substrate, such as glutamate, and an ATP trap, such as heyp. 
kinase and glucose. These measurements have been used jp 
previous studies to show a lowered rate of oxidative phosphoryl. 
tion in mitochondria prepared from livers of rats given CCl, 9 
hours earlier, and an increase when the mitochondria were jgo. 
lated from rats treated over a prolonged period of time (9), 
Our studies have revealed significant increases above normal val- 
ues of oxidative phosphorylation in mitochondria prepared from 
the following: regenerating liver after partial hepatectomy, liver 
of rats several days after administration of CCl4, livers from 
thyroidectomized rats treated with thyroxine, and livers from 
rats given bacterial endotoxins. Decreases below normal value 
were observed in liver mitochondria prepared from thyroidee. 
tomized rats, and from rats given CCl, 24 hours earlier. 

An indirect means for determining changes in the rate of ATP 
synthesis tn vivo is based on the assumption that any alteration 
in the rate of synthesis of this compound within the living cell 
will be reflected by a corresponding change in rate of synthesis 
of compounds known to be dependent on this form of metabolie 
energy, ¢.g. RNA, DNA, and protein. Tissues from control rats 
were analyzed for their content of RNA, DNA, and protein and 
compared with those from rats subjected to experimental proce. 
dures. Direct analysis was preferred to measurement of incor. 


poration of isotopically labeled precursors in order to avoid as- _ 
sumptions which are inherent in such isotope experiments in vw | 


(17). These measurements, in the present experiments, have 
revealed that changes in RNA content of liver and spleen corr. 
late extremely well with changes in oxidative phosphorylation 
of liver mitochondria and of serum Fe*? incorporation into tissue 
ferritins. Decreases in RNA of liver were observed in rats given 
CCl, 24 hours earlier, and in rats after thyroidectomy, when 
compared with controls. Increases in RNA content of live 
were noted in partially hepatectomized rats, in liver and spleen 
of rats recovering from CCl, poisoning, in the liver of thyroidee- 
tomized rats given thyroxine, and in the liver and spleen of rats 
which had received bacterial endotoxins. Where tissue weight 
changes occurred, calculation of DNA and protein content on the 
basis of total organ weights demonstrated changes in these com- 
ponents as well. 

An interplay between liver and spleen of the rat may be ob 
served in several of the experiments which have been described. 
After partial hepatectomy, during regeneration of liver, the 
spleen shows a marked increase in rate of serum Fe*® incorpors- 
tion into ferritin, as well as a significant increase in weight. This 
result is consistent with the reports (18) of the release from the 
injured liver of a growth-promoting substance into the plasms, 
or of the removal from the plasma of protein which normally 
inhibits growth of the liver (19). We have also observed a sill- 
ilar finding in the spleens of rats recovering from CCl, poisoning, 
at a time when oxidative metabolism in the liver is above normal 
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The increase in liver metabolism and cellular growth following 
CCl, may therefore be considered a regenerative process, and 
this may explain the effects on the spleen. 

Results of experiments with rats treated with bacterial endo- 
toxins show that these lipopolysaccharides, most probably the 
lipid component, stimulate oxidative metabolism of liver and 
spleen by a process which appears to be associated with phago- 
eytic activity of the reticuloendothelial cells of these tissues. 
This result suggests that endotoxins either cause the stimulation 
of phagocytosis, which in turn stimulates oxidative metabolism, 
or that endotoxin stimulates oxidative metabolism including 
phagocytic activity of the reticuloendothelial cells. Stimulation 
in the liver of oxidative metabolism in response to endotoxin is 
evident from increases in RNA, DNA, protein content, in oxida- 
tive phosphorylation by isolated mitochondria, in Qo,, aerobic 
lactic acid formation, and in the oxidation of C-6-labeled glucose 
to CO, above corresponding values measured in livers from nor- 
mal control rats. Spleens from these experimental rats showed 
similar changes with two notable exceptions. Spleen slices oxid- 
ized C-1-labeled glucose to CO, at a markedly increased rate over 
that of controls, whereas there was little change in the oxidation 
of C-6-labeled glucose. Furthermore, whereas liver slices from 
endotoxin-treated rats produced more lactic acid aerobically 
than controls, there was no change in aerobic lactate production 
by corresponding spleen slices. These findings for the spleen 
from rats given endotoxin, and of which the reticuloendothelial 
cells show a stimulated phagocytic activity, merits further in- 
vestigation. Similar effects have been reported by Karnovsky 
(20) in polymorphonuclear leucocytes during phagocytosis in 
vitro of inert latex particles. In our experiments no effect of 
injected latex particles on liver or spleen has been observed. 
That the increased incorporation of serum Fe*® into ferritin of 
liver and spleen which was found to take place in vivo was not due 
to substances present in the plasma, but rather to metabolic 
alterations within the cell, was shown by the results obtained 
with liver and spleen slices removed from endotoxin-treated rats 
and incubated with exogenous serum Fe*9. 

The markedly decreased incorporation of serum Fe*® into liver 
and spleen ferritins in ascorbic acid-deficient guinea pigs, as well 
as the low chemical iron content of these ferritins, confirms the 
participation of ascorbic acid in the incorporation reaction. It 
is not possible at this time to assess the contribution to these 
effects of the loss of weight and inanition which is present in the 
ascorbic acid-deficient animals. 

The results of the present study, together with those previously 
reported (21), complete the identification, both in vitro and in 
nvo, of the participants involved in the movement of serum- 
bound iron to and from liver and spleen ferritins. In light of 
the finding of a constant movement of iron atoms between serum 
and tissue ferritin, one must reconsider the meaning of the term 
“storage iron’’ when referring to ferritin. Iron is stored in the 
cell in the form of ferritin only in the dynamic sense, since iron 
atoms are constantly being lost and replaced in this protein. 
Any alteration of total storage iron must take place in response 
to changes in oxidative metabolism within the cell; e.g. aerobic 
conditions or experimental procedures leading to stimulation of 
ATP synthesis will favor the movement of serum iron to liver 
and spleen ferritins, whereas tissue hypoxia or experimental 
procedures which result in a decreased synthesis of ATP will 
favor the release of ferritin iron to the serum and will inhibit 
the movement of serum iron to tissue ferritin. Any interpreta- 
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tion of observed alterations in serum iron content or in rate of 
serum iron clearance in the intact animal must take these factors 
into account. Since any change in rate of serum iron entrance 
into liver and spleen ferritins will affect the quantity of iron 
available to the bone marrow for heme synthesis, these factors 
may be said to play an indirect role in determining the rate of 
hemoglobin synthesis. The relationship between ferritin iron 
incorporation and release to the incorporation of iron into heme 
in the bone marrow is being studied. 


SUMMARY 


Studies with the intact animal confirm the participation of 
adenosine triphosphate and ascorbic acid in the reaction con- 
cerned with the transfer of plasma-bound iron to the liver and 
spleen, and its incorporation into ferritin. 

Changes in the incorporation of serum-bound Fe® into liver 
and spleen ferritins correlate consistently with observed changes 
in oxidative metabolism in these tissues, produced by a variety 
of experimental procedures. Alterations in oxidative metabo- 
lism were determined by measurement of changes in tissue 
content of ribonucleic and deoxyribonucleic acids and protein, 
as well as by changes in oxidative phosphorylation of liver mito- 
chondria. These changes were taken as indices of alterations in 
synthesis of adenosine triphosphate in the cell. 

Increased incorporation of serum-bound iron into ferritin 
above the level of control animals occurred in regenerating liver 
after partial hepatectomy, in liver and spleen of the thyroidec- 
tomized rat given thyroxine, in regenerating liver of rats given 
CCl, several days earlier, and in liver and spleen of rats which 
had received bacterial endotoxins. In all cases there was evi- 
dence of increased oxidative metabolism. Decreased incorpora- 
tion of serum-bound iron into ferritin below the level of controls 
was observed in livers of thyroidectomized rats and in livers of 
rats which had received CCl, 24 hours earlier. These effects 
were accompanied by evidence of decreased oxidative metabolism 
in the liver. 

Participation of ascorbic acid in the incorporation of serum- 
bound iron into liver and spleen ferritins was demonstrated by a 
marked decrease in this reaction in ascorbic acid-deficient guinea 
pigs, as compared to controls. 

Evidence for the mechanism of incorporation of plasma iron 
into tissue ferritin, together with that determined previously for 
the release of ferritin iron to the plasma, extends our knowledge 
of the biochemical mechanisms responsible for the movement of 
iron to and from the plasma and tissue ferritin. This movement 
is regulated by the state of oxidative metabolism within the 
tissue. 
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Considerable interest has developed in recent years in the 
separation of the amino acid-specific “soluble’-fraction ribo- 
nucleic acids because of the probable role of these RNAs in 
protein biosynthesis (1-5) and because the elucidation of the 
structures of the different amino acid-specific RNAs may lead 
to an understanding of the mechanism of information transfer 
by nucleic acids. Preliminary studies of the separation of these 
RNAs by countercurrent distribution have been reported (6-11). 
The present paper describes in detail countercurrent distribution 
studies of yeast amino acid-acceptor RNAs. 


EXPERIMENTAL PROCEDURE 


200-Transfer Countercurrent Distribution of Yeast Amino Acid- 
acceptor RNAs at pH 8—The solvent system was prepared as 
follows. Phosphate buffer, approximately pH 8, was prepared 
by dissolving 1090 g of dipotassium hydrogen phosphate and 42.7 
g of potassium dihydrogen phosphate in sufficient glass-distilled 
water to give a total volume of 4 liters. To this solution, at room 
temperature, was added 1240 ml of formamide and 1170 ml of 
isopropanol; the mixture was shaken vigorously. In the room 
in which the temperature was maintained at 23°, 34 mg of yeast 
amino acid-acceptor RNAs (11) were subjected to a 200-transfer 
countercurrent distribution (26 hours). The fractions were neu- 
tralized with 2 ml of 2 N hydrochloric acid per tube, and their 
absorbancies at 260 my were determined. Every fifth fraction 
between tubes 40 and 170 was dialyzed, and the dialyzed solu- 
tion was evaporated to give a final volume of 2 ml. The frac- 
tions were assayed for amino acid-incorporation activity (11, 12). 
The results are shown in Fig. 1. 

200-Transfer Countercurrent Distribution of Yeast Amino Acid- 
acceptor RN As at pH 6—The solvent system was prepared as 
described under the 400-transfer distribution except for the use 
of 40 ml of isopropanol per 100 ml of the phosphate buffer. 
Otherwise, the distribution was carried out exactly as described 
for the pH 8 distribution, except that 100 mg of yeast RNA was 
used and the addition of hydrochloric acid at the end of the dis- 
tribution was omitted. The results are shown in Fig. 2. 

400-Transfer Countercurrent Distribution of Yeast Amino Acid- 
acceptor RNAs at pH 6—The solvent system was prepared as 
follows. Phosphate buffer, approximately pH 6, containing 
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magnesium chloride, was prepared by dissolving 555 g of dipo- 
tassium hydrogen phosphate and 870 g of sodium dihydrogen 
phosphate monohydrate in sufficient 0.001 m magnesium chloride 
solution in glass-distilled water to give a total volume of 5 liters. 
To this solution at room temperature were added 500 ml of 
formamide (Fisher, reagent) and 2200 ml of isopropyl alcohol 
(Mallinckrodt, reagent), and the mixture was shaken vigorously. 
(The ratio of the volumes of the upper and lower phases was 
approximately 2:1.) The solvent system was kept in a room 
in which the temperature was maintained at 23° for a few hours 
before use. It has been found necessary to carry out the distri- 
bution at constant temperature since the gross partition coeffi- 
cient of the RNAs in the system varies with temperature. The 
apparatus used in all the experiments was the E-C Apparatus 
Company’s countercurrent fractionator with 200 tubes, each 
tube holding 10 ml of each phase. The entire apparatus was 
charged with 10 ml of lower phase in each tube. The first 25 
tubes were then charged with upper phase. A mixture of 600 mg 
of yeast amino acid-acceptor RNA (11) and 50 ml of phosphate 
buffer was allowed to stand at room temperature for an hour. 
Appropriate amounts of formamide and isopropyl! alcohol were 
added, and then enough additional upper and lower phases of the 
solvent system were added to give a solution of the RNA with a 
volume of 50 ml of each phase. The RNA solution was intro- 
duced in place of the solvents in tubes 1 to 5 of the apparatus. 
(Generally, when more than 100 mg of RNA was subjected to 
countercurrent distribution, the sample was introduced in more 
than one tube at the rate of approximately 100 mg per tube.) 
The apparatus was then set and 200 transfers were made (24 
hours). At the end of 200 transfers, tubes 101 to 200 were 
emptied, the tubes were refilled with fresh solvents, and 200 more 
transfers were made by recycling the material in the apparatus 
(20 hours). 

A second distribution of 600 mg of yeast RNA for 200 transfers 
was carried out under identical conditions, except that this time 
the contents of tubes 1 to 100 were emptied and replaced by fresh 
solvents. Two hundred more transfers were made by recycling 
the material in the apparatus. The absorbancies of the frac- 
tions at 260 my were determined and are shown in Fig. 3. All 
of the fractions were dialyzed in 20/32 Visking cellulose tubing 
in the cold room (approximately 6°) twice for 2 hours against 
demineralized water, then 6 hours against 0.0003 m magnesium 
chloride solution, and 15 hours against demineralized water. 
The dialyzed fractions were pooled in groups of five fractions 
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Fic. 1. 200-Transfer countercurrent distribution of yeast amino 
acid-acceptor RNAs at pH 8. ——, absorbancy (A) at 260 my; 
@——@, threonine-acceptor activity; A A, tyrosine-acceptor 


activity. 


A, 260 my 


0 
TUBE NO. 


Fig. 2. 200-Transfer countercurrent distribution of yeast amino 
acid-acceptor RNAs at pH 6. ——, absorbancy (A) at 260 mu; 
@——@. threonine-acceptor activity; A A, tyrosine-accep- 
tor activity. 


400 


Vv 


Fic. 3. 400-Transfer countercurrent distribution of 600 mg of 
yeast amino acid-acceptor RNAs at pH 6. ——, absorbancy (A) 
at 260 mu; @——@, alanine-acceptor activity; O——O, valine- 
acceptor activity; @——®@, threonine-acceptor activity; A——A, 
leucine-acceptor activity ; §|——4, tryptophan-acceptor activity; 
A——A, tyrosine-acceptor activity. (The distribution curve is 
a composite from two distributions; see ‘‘Experimental Proce- 
dure.’’) 


(tubes) each, and were evaporated in a rotary evaporator (bath 
temperature, 45°). The evaporated fractions were made up to 
10 ml of final volume. One ml from these fractions was used for 
assay (11, 12) of the amino acid-acceptor activities of the frac- 
tions, and the RNA from the remainder of the fraction was iso- 
lated as follows. One-tenth milliliter of 2 m NaCl and 23 ml 
of cold 95% ethanol were added, and the fractions were allowed 
to stand overnight in the cold. The precipitated RNA fractions 
were centrifuged and washed once with cold 80% ethanol and 
once with 95% ethanol. The precipitates were then dried under 
a vacuum and stored in the cold. The absorbancies at 260 my 
were determined on the portion of the fractions saved for incor- 
poration assays. If more material was required for the assays, 
the precipitated RNA from that particular fraction was dissolved 
in water and adjusted to the original 260 my absorbancy. The 
results of the assays are shown in Fig. 3. 

Isolation of Amino Acid-activating Enzymes—The isolation of 
tyrosine-, threonine-, and valine-activating enzymes has been de- 
scribed previously (11, 13). The alanine-activating enzyme was 
prepared by the same procedure used for the preparation of the 
valine-activating enzyme. The procedure for the tryptophan- 
activating enzyme will be described in a future publication. The 
leucine-activating enzyme|was prepared as follows. Forty grams 
of freshly excised rat liver were chilled in ice and homogenized 
for one minute with 150 ml of 0.05 m potassium chloride in 4 
Waring Blendor. The homogenate was centrifuged in the cold 
in the No. 30 rotor at 30,000 r.p.m. (78,000 x g, average) for 
90 minutes in the Spinco model L preparative ultracentrifuge. 
The supernatant was filtered through glass wool, the filtrate was 
adjusted to pH 5.5 with 1 N acetic acid, and centrifuged in the 
cold at 15,000 x g for 5 minutes. The pellets were resuspended 


~ in 40 ml of 0.1 m Tris, pH 7.5, and the solution was centrifuged 


again in the cold. The supernatant solution was readjusted to 
pH 5.5 with 1 N acetic acid. The mixture was centrifuged, and 
the pellets were resuspended in 30 ml of 0.1 m Tris, pH 7.5. 
The supernatant after centrifugation was put on a 600-mg DEAE- 
cellulose! column which was previously equilibrated in the cold 
with 0.1 m Tris, pH 7.5. The flow rate was adjusted to 2 to 3 
drops a minute. The effluent and 10 ml of wash of 0.1 m Tris, 
pH 7.5, were combined and used as the enzyme for the leucine- 
incorporation assays. 

The histidine-activating enzyme was also prepared by this pro- 
cedure with the following changes. (a) The pellets from the 
centrifugations were resuspended in 0.1 M sodium phosphate, 
pH 6.8, instead of in 0.1 m Tris, pH 7.5; (b) the precipitations 
with 1 N acetic acid were at pH 5.0 instead of 5.5; and (c) 1g 
of DEAE-cellulose, equilibrated in the cold with 0.1 m sodium 
phosphate, pH 6.8, was used in the column instead of 600 mg. 


RESULTS 


The results shown in Figs. 1 and 2 confirm the earlier observa- 
tions (8-10) that the separation of different amino acid-specific 
RNAs by countercurrent distribution is greater in the pH 6 
solvent system than in the pH 8 system. The peaks of the threo- 
nine- and tyrosine-specific RNAs were separated by approxi- 
mately 50 tubes after 200 transfers in the pH 6 system as com- 
pared with approximately 30 tubes in the pH 8 system. Because 
of this improved separation, and the fact that the recovery of 
activity is higher from the pH 6 system (80% at pH 6 compared 


1 Obtained from Brown Company. 
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with 60% at pH 8), the 400-transfer distribution was carried out 
in the pH 6 solvent system. 

The results of the 400-transfer countercurrent distribution are 
summarized in Fig. 3. The countercurrent apparatus that was 
used contained only 200 tubes, and, therefore, the 400-transfer 
distribution pattern is a composite of two 400-transfer distribu- 
tions, one that uses the first 100 tubes at the completion of a 200- 
transfer distribution, and the other that uses the second 100 
tubes (see ““Experimental Procedure’). (The 200-transfer dis- 
tribution pattern that was obtained from the tubes not utilized 
in the 400-transfer distribution is shown in Fig. 4. It differs 
from the pattern shown in Fig. 2 because of the addition of 
1.1 times as much isopropanol to the solvent system, which results 
in a lower gross partition coefficient.) As shown in Fig. 3, after 
400 transfers there were four major and two minor peaks in the 
960 mu absorption; this emphasizes the heterogeneity of the yeast 
amino acid-acceptor RNAs. The locations of the amino acid- 
acceptor activity for six different amino acids are shown in Fig. 
3. The specific activities of various fractions are summarized in 
Table I. The valine- and tyrosine-RNAs were each purified 
approximately tenfold. 

It will be noted that the threonine- and leucine-acceptor ac- 
tivity curves in Fig. 3 indicate that these two RNAs are hetero- 
geneous. The leucine-acceptor activity is resolved into two 
peaks. ‘The evidence indicates that this separation is real and is 
not an artifact of the composite 400-transfer distribution curve. 
Figs. 5 and 6 present the results of redistribution of material 
recovered from the two sides of the threonine-RNA peak obtained 
after 200 transfers (Fig. 4). The peak obtained by redistributing 
the left side (Fig. 5) corresponds to the left part of the broad, or 
double, peak obtained by redistributing the right side (Fig. 6). 
If, as indicated by these results, there are at least two acceptor 
RNAs for threonine and leucine present in the yeast RNA 
preparation, the possibility remains that this may be an artifact 
of the RNA preparation. For example, the second RNA species 
might be the result of partial degradation during preparation of 
the RNA from yeast. In this connection, the threonine-RNA 
peak obtained from countercurrent distributions of rat-liver 
“soluble’”’-fraction RNA is much narrower (8). 

Fig. 7 presents the results of redistribution of the tyrosine- 


roo} 


Tube No 


Fig. 4. 200-Transfer countercurrent distribution of 600 mg of 
yeast amino acid-acceptor RNAs at pH 6 with 1.1 times the amount 
of isopropanol used in Fig. 2. ——, absorbancy (A) at 260 my; 

@, threonine-acceptor activity; A——A, tyrosine-accep- 
tor activity. (The distribution curve is a composite from two 
distributions. 


See ‘‘Experimental Procedure.’’) 
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TABLE I 


Amino acid-acceptor activity of countercurrent distribution fractions 
of yeast amino acid-acceptor RNAs 
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Increase in 
FigureNo.| Amino acid Tube No. 
original) 
c.p.m./meg c.p.m./mg 
1 Threonine 106 2,100 1,100 2 
Tyrosine 136 4,200 1,500 3. 
2 Threonine 120 2,300 1,100 2 
Tyrosine 170 11,700 1,500 8 
3 Alanine 25-30 6,500 650 10 
Valine 71-75 11,000 1,100 10 
Threonine 96-100 4,900 1,100 4.5 
Tryptophan; 215-220 2,500 750 3.5 
Leucine 225-230 1,500 600 2.5 
Tyrosine 311-315 16,700 1,500 11.0 
4 Threonine 36—40 1,600 1,100 1.5 
Tyrosine 151-155 22 ,800 1,500 15 
5 Threonine 46-47 4,100 1,100 4 
6 Threonine 61-62 4,500 1,100 + 
7 Tyrosine 131-132 12,800 1,500 8.5 


Tube No. 


Fic. 5. 200-Transfer countercurrent distribution of 40 mg from 
left part (tubes 26 to 55) of threonine-acceptor peak in Fig. 4. 
——, absorbancy (A) at 260 mu; @——@, threonine-acceptor 
activity. Distribution conditions same as Fig. 4. 


Fic. 6. 200-Transfer countercurrent distribution of 45 mg from 
right part (tubes 61 to 85) of threonine-acceptor peak in Fig. 4. 
——, absorbancy (A) at 260 mu; @——@, threonine-acceptor 
activity. Distribution conditions same as Fig. 4. 


| 
d 
r 
d | 
e 
of 
e 
S * CCD fraction = countercurrent distribution fraction. 
od 
a 
ld 
or 
al 
‘\ 
eT 
ed < 
to 3 
d as ae 
E- 
Id 
3 50 100 150 200 
is, — 
ro- 
he 
te, 
ons 
1g 
m 
H 7 \ 
6 f / as 
0 sO 100 200 \ 
om- 
y of 


1120 
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Fig. 7. 200-Transfer countercurrent distribution of 30 mg from 
tubes 141 to 170 of tyrosine-acceptor peak in Fig. 4. ——, ab- 
sorbancy (A) at 260 mu; A A, tyrosine-acceptor activity. 
Distribution conditions same as Fig. 4. 


RNA obtained from the 200-transfer distribution (Fig. 4). 
There is no indication of heterogeneity of the tyrosine-RNA. 


DISCUSSION 


The data presented in this paper demonstrate that counter- 
current distribution procedures can successfully be used for the 
separation of amino acid-specific RNAs isolated from yeast. 
The ease of separation of certain of the RNAs, for example, the 
valine- and tyrosine-specific RNAs (11), is very encouraging, and 
is one more demonstration of the power of the Craig counter- 
current distribution technique. The range of partition coeff- 


cients of the different RNAs is well over tenfold, which suggests- 


that there are major differences in the structures of these RNAs 
rather than slight differences in structure, such as in the sequence 
of a few nucleotides. 

The basis of the separation of the different amino acid-specific 
RNAs is still unknown. 
compositions, optical rotations, and spectra of the different frac- 
tions indicate that there are structural differences, but existing 
data are insufficient for any conclusion. 

Many problems remain in the application of the countercurrent 
distribution procedures. In order to separate all twenty of the 
amino acid-specific RNAs, a very large number of transfers will 
be required. As is indicated in Table I, the activity of the 
tyrosine-RNA actually decreased from 200 to 400 transfers in the 


distributions shown in Figs. 3 and 4. These results, in combina- 
tion with earlier experience (8), suggest that stability of the RNAs 


will be a serious problem in extended countercurrent distribu- 
tions. The redistribution data with the tyrosine-specific RNA 
(Fig. 7, Table I) also indicate instability of a purified RNA. 
Therefore, although the use of the pH 6 system and modification 
of reisolation procedures have greatly reduced the losses that 
were observed in the preliminary studies (7), further efforts in 
this direction are needed. Experiments are also needed with 
different countercurrent distribution solvent systems which may 
distribute the RNAs in patterns other than the present one. 
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The heterogeneity observed with the yeast RNA for the threo- 
nine- and leucine-acceptor activities complicates the problem of 
separation of the amino acid-specific RNAs, but is interesting 
from the point of view of understanding the specificity of these 
molecules. The alanine- and valine-specific RNAs, located to 
the left of the threonine activity, and the tyrosine- and trypto- 
phan-specific RNAs located to the right, do not show this be- 
havior. It will be interesting to establish the nature of the 
heterogeneity. 

The various amino acid-specific RNA fractions obtained from 
the 400-transfer countercurrent distribution are considerably 
purified, but they are not pure. None of the amino acid-acceptor 
activities correspond with the 260 my absorbancy curve or with 
a theoretical (calculated) distribution curve. The _ tyrosine- 
specific RNA approaches these criteria most closely. 


SUMMARY 


‘ 


A 400-transfer countercurrent distribution of yeast amino | 


acid-acceptor RNAs at pH 6 is described. The alanine-, valine-, 


threonine-, leucine-, tryptophan-, and tyrosine-acceptor RNAs 


have different partition coefficients and are partially or com- 
pletely separated from each other. The ease with which the 
various RNAs are separated suggests that there are major struc- 
tural differences between these molecules. The specific activi- 
ties of the valine- and tyrosine-RNAs were increased approxi- 
mately tenfold. The distribution curves of the threonine- and 
leucine-acceptor RNAs suggest that these RNAs are heterogene- 
ous in the yeast RNA preparation. 
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Glutamic-Aspartic Transaminase 
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Certain commercial samples of glycine react with the pyri- 
doxal form of the glutamic-aspartic transaminase to yield an 
intensely yellow derivative (Amax 492 mu). The impurity re- 
sponsible was characterized as @-hydroxyaspartic acid (1). 
This paper describes studies to elucidate the nature of the inter- 
action of B-substituted aspartic acids with the glutamic-aspartic 
transaminase. 

Transamination from 6-hydroxyaspartate to form dihydroxy- 
fumarate has been reported to occur in pig kidney (2). The 
reverse reaction, the formation of erythro-8-hydroxy-.L-aspartate 
from glutamate and dihydroxyfumarate, has also been demon- 
strated in sheep brain (3). Both reactions were stimulated by 
magnesium ions. 


EXPERIMENTAL PROCEDURE 


Materials 


The pyridoxal and pyridoxamine forms of the glutamic-aspar- 
tic transaminase were prepared as previously described (4, 5). 
Glycine (Eastman Kodak Company), a-ketoglutarate, aspartate 
(California Corporation for Biochemical Research), and reagent 
grade sodium pyruvate (Nutritional Biochemicals Corporation) 
were obtained commercially. Dihydroxyfumarate was synthe- 
sized (6). Samples of the isomers of 8-hydroxyaspartic acid 
and 8-methylaspartic acid were gifts from Dr. H. J. Sallach and 
Dr. H. A. Barker, respectively. @-Hydroxyaspartic acid and 
8-hydroxy-8-methylaspartic acid isomers were synthesized with 
about 30% yield of each isomer by Kornguth and Sallach’s 
modification of the method of Benoitin et al. (7, 8). 


Methods 


Equivalent amounts of cupric glycinate and either sodium 
glyoxylate or sodium pyruvate were allowed to react at 4° in 1 
m sodium hydroxide for 24 hours. The alkali was then removed 
by treatment with Dowex 50-H*+ until the pH dropped to 6, 
followed by filtration. Hydrogen sulfide was passed until all 
the copper was precipitated; the solution was then filtered with 
the aid of charcoal. Excess hydrogen sulfide was removed 
during subsequent evaporation to small volume in a flash evapo- 
trator. The isomers were eluted separately from a 30- x 5-cm 
column of Dowex 1-formate with 0.15 m formic acid (86-hydroxy- 
8-methylaspartate) or 0.2 m formic acid (6-hydroxyaspartic 
acid). Fractions containing only one isomer, as judged by 


* This investigation was supported in part by research grants 
RG 6315A and H 4417 from the National Heart Institute, United 
States Public Health Service. 


paper electrophoresis, were pooled and evaporated to dryness 
in a flash evaporator. The acids were obtained by crystalliza- 
tion from a minimal amount of water. 

Titration curves were recorded, at 25°, on a difunctional 
titrator (International Instrument Company, Canyon, Cali- 
fornia) and were corrected for titration of the solvent. The 
free acids dissolve slowly and to only a limited extent in water. 
The amino acids were therefore first dissolved in 0.1 N sodium 
hydroxide and then titrated immediately after adjusting the 
PH to a low value with two equivalents of hydrochloric acid. 


Erythro-B-hydroxy-pL-aspartic acid 
C,H;NO; 


.2, H 4.73, N 9.40, Equiv. wt. 149 
1, H 4.84, N 9.18, Equiv. wt. 151 
pK, <2, pK. 3.55, pK; 9.0 


Calculated: C 32 
Found: C3 


acid 


Found: C 32.3, H 4.79, N 9.27, Equiv. wt. 151 
pK, <2, pK, 3.04, pK; 8.75 


acid 
C;H NO; 


Calculated: C 36.8, H 5.56, N 8.59, Equiv. wt. 163 
Found: C 36.9, H 5.60, N 8.56, Equiv. wt. 164 
pK, <2, pK. 3.5, pK; 9.0 


acid 
C;H,NO;-2H2O 


Calculated: C 30.2, H 6.58, N 7.03, Equiv. wt. 199.2 
Found: C 30.0, H 6.64, N 6.86, Equiv. wt. 197 
pK, <2, pK: 3.1, pK; 8.8 


Electrophoretic Analysis—Procedures for the preparation of 
B-hydroxyaspartic acid yield mixtures of the threo and erythro 
isomers, often contaminated with other substituted aspartic 
acids. The diastereoisomers and various substituted derivatives 
may be separated by paper electrophoresis in 0.05 m oxalate 
buffer, pH 3.4 (9, 10). Fig. 1 gives the migration distances of 
the different derivatives as a fraction (R,) of that of picric acid. 
Caffeine was used as a neutral marker to correct for electro- 
osmosis. The positions of the amino acids were shown by 
development with ninhydrin. When first developed, the 6-hy- 
droxyaspartic acids appear brown; the @6-hydroxy-8-methyl- 
aspartic acids appear orange. The different isomers may be 
readily identified after electrophoretic separation. Except for 
threo-8-methylaspartic acid and aspartic acid (Curves 5 and 6), 
all compounds are well resolved over a wide pH range. : 
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Fia. 1. Electrophoretic analysis of B-substituted aspartic acids. 
Conditions: 0.05 M oxalate buffers, 90 minutes, 300 volts per cm, 
Whatman No.1 paper. The average migration of picric acid was 
21 cm. Rp, represents the distance of migration from a neutral 
caffeine marker as a fraction of that of picrie acid. 1. Threo-s- 
hydroxyaspartic acid. 2. Threo-8-hydroxy-8-methylaspartic acid. 
8. Erythro-8-hydroxyaspartic acid. 4. Erythro-8-hydroxy-s- 
methylaspartic acid. 6. Threo-8-methylaspartic acid. 6. As- 
partic acid. 7. Erythro-8-methylaspartic acid. 


Assignment of Configuration to Isomers of B-Methyl-8-hydrozry- 
aspartic Actd—The configurations of the $-hydroxyaspartic 
acids have been determined by conversion to tartaric acid (11). 
The two isomers differ most notably in their relative acidity, 
as is shown by their electrophoretic migration and the values 
for both pK. and pKs, especially the former. 

From their electrophoretic migrations in 0.05 m oxalate buffer, 
it appears that the pK. values for the two isomers of 8-methyl- 
aspartic acid are similar. The large differences in electrophoreti¢é 
migration rates and in the values of pK2 for the 8-methyl-6- 
hydroxyaspartic acid isomers were therefore ascribed to an 
effect resulting from the stereochemistry of the B—OH group. 
Because of the close similarity in pK values to those of threo- 
B-hydroxyaspartic acid, the more acidic isomer was tentatively 
assumed to possess the threo-6-hydroxy configuration. 

This tentative identification was supported by the finding 
that the more basic isomer, with the presumed erythro-8-hy- 


droxy configuration, reacted twice as fast with periodate as its © 


diastereoisomer. 

A further marked difference between the isomers of B-hydroxy- 
aspartic acid was noted in their interaction with the pyridoxal 
glutamic-aspartic transaminase (Amax 360 my). Fig. 2A shows 
that the threo isomer underwent transamination with the enzyme 
(1) and produced some of the pyridoxamine form (Amax 332 mp) 
(2), a reaction which is reversed by ketoglutarate (3). The 
erythro isomer, on the contrary, produced an intense yellow de- 
rivative (Amax 492 mu) (4), although it too underwent transami- 
nation with the enzyme, as shown by an intensification of the 
yellow color in the presence of ketoglutarate. Fig. 2B shows 
that in these individual differences, the isomers of 6-hydroxy- 
8-methylaspartic acid react in a manner which is in agreement 
with the above tentative assignment of their respective configu- 
rations. The affinity of the enzyme, however, appears to be 
reduced by the substitution for hydrogen of a B-methyl group. 

Transamination with Enzyme—With erythro-B-hydroxyaspar- 
tic acid, the absorbancy at 492 mu may be used as a measure 
of the formation of a complex between it and the enzyme. The 
measurements are complicated by the fact that the spectra 
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change slowly with time. The values shown in Fig. 3 were 
recorded 100 seconds after mixing. It appeared at first that a 
simple equilibrium was established between pyridoxal enzyme, 
hydroxyaspartic acid, and the yellow complex. The observed 
formation of complex is in accordance with such a simple scheme. 


ABSORBANCY 


0.2 


450 550 


WAVELENGTH (My) 


350 


350 550 


450 
WAVELENGTH (My) 


Fic. 2. Spectra of the pig heart glutamic aspartic transaminase : 


in the presence of 8-substituted aspartic acids in 0.1 m ethylene- 
diaminetetraacetate buffer, pH 8.75, 25°. Additions: 1. None. 
2. 0.02 m threo-8-hydroxy-pL-aspartate. 3.0.02 m threo-8-hydroxy- 
DL-aspartate + 0.004 m a-ketoglutarate. 4. 0.02 m erythro-6- 
hydroxy-DL-aspartate. 5. 0.02 m 
aspartate. 6.0.02 m 
0.004 M a-ketoglutarate. 7. 0.02 m_ threo-8-hydroxy-s-methyl- 
DL-aspartate. 8. The spectrum with 0.02 m threo-8-hydroxy+ 
methyl-p.-aspartate + 0.004 mM a-ketoglutarate was indistin- 
guishable from that with ketoglutarate alone. 
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However, the reaction is more complicated than this, since the 
keto acid is produced. 

In the presence of ketoglutarate the initial intensity is much 
greater, but rapidly falls to a value which is relatively unaffected 
by the concentration of ketoglutarate (Fig. 4). The rate of 
decrease in the absorbancy at 492 my is, however, affected by 
the concentration of ketoglutarate. Difference spectra _re- 
corded rapidly during this phase showed that the loss in ab- 
sorbancy at 492 my was associated with a concomitant increase 
in absorbancy at 360 mu. 

The spectral changes suggested that these analogues were in 
fact substrates for this enzyme and that the equilibrium estab- 
lished upon the addition of amino acid actually involved five 
components: pyridoxal enzyme, pyridoxamine enzyme, amino 
acid, keto acid, and enzyme-substrate complex. 

The reaction between erythro-8-hydroxy-pL-aspartic acid and 
ketoglutarate was studied as a function of time by the forma- 
tion of glutamate. Magnesium ions appear to have very little 
effect upon the initial rate (Fig. 5A). If, on the other hand, 


| 


Oo 
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ABSORBANCY mu 
oO 


| 
O0.00IM 0.002M 
DL-ERYTHRO -8 -HYDROXYASPARTATE 


Fic. 3. Variation of absorbancy at 492 my with the concentration 
of erythro-8-hydroxy-DL-aspartic. Conditions as in Fig. 2. The 
solid line is drawn according to the empirical equation 0.61 /A = 
1 + (0.00080/m), where A is the absorbancy at 492 my and is the 
molarity of amino acid. 
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Fic. 4. Changes in the absorbancy at 492 my in the presence of 
both 0.02 mM erythro-8-hydroxy-pL-aspartate and ketoglutarate. 
Conditions: 0.1 m ethylenediaminetetraacetate buffer, pH 8.75. 
1. No a-ketoglutarate. 2. 0.001 M a-ketoglutarate. 3. 0.005 m 
4. 0.02 mM a-ketoglutarate. 
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Fic. 5. A: The effect of 0.01 m magnesium ions upon trans- 
amination from 0.025 m erythro-8-hydroxy-pDL-aspartate to 0.01 m 
a-ketoglutarate at 29°, pH 9.0, 300 ug of protein perml. Aliquots 
of 2 ml were assayed for glutamic acid manometrically with 3 mg 
of Nutritional Biochemicals glutamic decarboxylase in the pres- 
ence of 0.14 m pyridine-HCl buffer, pH 4.6 (0.1 m with respect to 
Cl-). B. Spectrophotometric study of transamination from 0.01 
M §-hydroxy-L-aspartate to 0.01 m a-ketoglutarate in 0.05 m po- 
tassium phosphate buffer, pH 7.4, at 23°. Transaminase protein, 
910 ug. I. No Mg. JT. 0.0033 m Mg. 0.0067 Mg. IV. 0.01 
M Mg. V.0.03 m Mg. C. Spectra of the transaminase. Con- 
ditions: 0.2 m Tris-HCl, pH 8.3. J. Pyridoxamine form before 
the addition of dihydroxyfumarate. JI. Pyridoxal form and 492 
my complex formed from J after the addition of both dihydroxy- 
fumarate and magnesium ions. 
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Fic. 6. Transamination from 0.015 mM L-glutamate to 0.015 m 


dihydroxyfumarate in 0.01 M potassium phosphate buffer, pH 7.4, 
0.003 mM with respect to Mg** at 37° with 1.8 mg of transaminase 
per ml. Aliquots of 2 ml were added at the times shown to 2 ml 
of 0.1 M sodium periodate + 1 ml of saturated K.CQ; in the outer 
well of a Conway cell. The ammonia liberated was allowed to 
diffuse for 2 hours at 25° into 1 ml of 0.1 m HCl in the center well 
and was subsequently determined by nesslerization in the pres- 
ence of gum Ghatti. 


the formation of dihydroxyfumarate is measured spectrophoto- 
metrically, there appears to be an almost absolute requirement 
for magnesium ions (Fig. 5B). Magnesium ions reduce the 
apparent lag in the appearance of product which absorbs at 
290 my and increases the absorbancy due to the product. Mag- 
nesium ions, therefore, appear to have no effect upon the trans- 
aminase, but act solely as a catalyst for the enolization of the 
primary keto acid product, oxaloylglycolate (2). The effect of 
magnesium was most clearly demonstrated in the following 
experiment. Solid dihydroxyfumarate was added to a. well 
buffered solution of the pyridoxamine form of the enzyme (Amax 
333 mu). No immediate effect was noted, but the subsequent 
addition of a trace of magnesium ion immediately yielded a 
mixture of pyridoxal enzyme (Amax 360 my) and the derivative 
of the latter with hydroxyaspartate (Amax 492 my) (Fig. 5C). 

In the presence of magnesium ions, the reverse reaction, that 
between glutamate and dihydroxyfumarate, may be measured 
(Fig. 6). The reversible reaction of the threo isomer of 6-hy- 
droxyaspartic acid is very much slower than that of the erythro 
isomer, but may be observed qualitatively to occur by an elec- 
trophoretic analysis of reaction products. Only the erythro-t- 
isomer could be isolated in any appreciable yield. The specific 
rotation [a};) +51°,c = 1.55in 1 N HCl, was in agreement with 
Sallach (11). 


DISCUSSION 


Garcia-Hernandez and Kun (2) observed that pig kidney glu- 
tamic aspartic transaminase is competitively inhibited by hy- 
droxyaspartic acid, and suggested that this might be explained 
if the glutamic aspartic transaminase was responsible for the 
observed low rate of transamination of hydroxyaspartic acid. 
In these studies we noted that the turnover number for hydroxy- 
aspartic acid was about 5000 times less than with aspartic 
acid, although the enzyme-substrate affinities (K,, values) 
were comparable. FErythro-hydroxyaspartic acid also 


shown to be a competitive inhibitor of the reaction with aspartic 
acid. The derivative with Amax 492 my appears, therefore, 
to represent the enzyme-substrate complex which acts virtually 
as an enzyme inhibitor complex. 


Glutamic-Aspartic Transaminase. 
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A peak at a wave length as high as 492 my appears unusual 
from the known absorption maxima of pyridoxal phosphate and 
its derivatives. This wave length is, however, a characteristic 
vibration frequency of pyridoxal phosphate, since it appears as 
a maximum of fluorescent emission with pyridoxal phosphate 
itself (5), the glutamic decarboxylase of Escherichia coli (12), 
and the glutamic-aspartic transaminase.' The possibility that 
conjugation was occurring with an a— double bond in the 
amino acid is ruled out by the fact that only one isomer reacts 
and that erythro-8-methy|l-8-hydroxyaspartic acid is also active, 

The spectral changes observed in the presence of high con- 
centrations of both a-ketoglutarate and erythro-B-hydroxyaspartic 
acid are hard to explain. Transamination takes place, but 
even when the substrates are in equilibrium there should be 
too high a concentration of ketoglutarate for any pyridoxamine 
enzyme to be observed, and similarly too much hydroxyaspartiec 
acid for any pyridoxal enzyme to be seen. The production of 
a peak at 360 my, therefore, suggests an equilibrium of one 
enzyme -substrate complex (Amax 492 mu) with another (),,, 
360 mu). With the higher initial concentration of ketoglutarate, 
it takes longer for the over-all reaction between hydroxyaspartic 
acid and ketoglutarate to reach an equilibrium, and this may 
affect the rate at which the two possible enzyme-substrate 
forms come into equilibrium. 

The recent nomenclature rules (13) give little clarification of 
the proper assignment of names to 6-substituted aspartic acids, 
since the isomers have been described simultaneously. Erythro- 
8-hydroxyaspartic acid would appear to have the best claim to 
the title B-hydroxyaspartic acid, since it is the one which occurs 
naturally and appears to have been most often studied. 


SUMMARY 


1. An electrophoretic separation of the diastereoisomers of 
GB-hydroxyaspartic acid and 6-hydroxy-8-methylaspartic acid is 
described which enables the purity of these compounds to be 
rapidly evaluated. 

2. The two pi diastereoisomers of 8-hydroxy-6-methylaspartic 
acid were prepared and their configurations determined by com- 


parison with the diastereoisomers of 6-hydroxyaspartic acid, | 


the configuration of which is known. 


3. Erythro-B-hydroxyaspartic acid was shown to react with — 


the pyridoxal form of the glutamic aspartic transaminase to 


yield the pyridoxamine form and an intense yellow complex / 
with Amax 492 my. The rateoftransamination with ketoglutarate 
It is 


was shown to be much lower than that with aspartate. 
suggested that the complex is an intermediate in the reaction. 

4. It was confirmed that the requirement for magnesium ions 
for the formation or utilization of dihydroxyfumarate in this 
transamination reaction is due solely to a nonenzymatic catalytic 


effect on the tautomeric conversion of dihydroxyfumarate to — 


the true transaminase substrate oxaloylglycolate. 


Acknowledgments—I would like to express my appreciation of 
the technical assistance of Mr. B. M. Murphey and Mr. M. 


Martinez-Carrion during this work. Discussions and corre- — 


spondence with Dr. H. J. Sallach drew my attention to the use 
of pure threo and erythro isomers. 


REFERENCES 
1. JENKINS, W. T., Federation Proc., 19, 5 (1960). 


2. GarcrA-HERNANDEZ, M., anv Kun, R., Biochim. et Biophys. 


Acta, 24, 78 (1957). 


1 Unpublished observation. 


4 
6 
Land 
° 
| 


ys. 


April 1961 W. T. Jenkins 1125 


3. SaLLacH, H. J., Pererson, T. H., J. Biol. Chem., 223, 
629 (1956). 

4. JENKINS, W. T., YpHANTis, D. A., AND Sizer, 1. W., J. Biol. 
Chem., 234, 51 (1959). 

5. JENKINS, W. T., AND Sizer, I. W., J. Biol. Chem., 235, 620 
(1960). 

6. HarRTREE, FE. F., in H. E. Carter (Editor), Biochemical prep- 
arations, Vol. 3, John Wiley & Sons, Inc., New York, 1953, 


p. 56. 
7. KorncutTH, M. L., H. J., Arch Biochem. Bio- 
phys., 91, 39 (1960). 


8. Benortin, L., Winitz, M., Cotman, R. F., Brrnspavum, S. M., 
AND GREENSTEIN, J. P., J. Am. Chem. Soc., 81, 1726 (1959). 
9. Barker, H. A., Smytu, R. D., Witson, R. M., AND WEISSBACH, 
H., J. Biol. Chem., 234, 320 (1959). 
10. CrestTFiELp, A. M., aNp ALLEN, F. W., Anal. Chem., 27, 422 
(1955). 
11. Sauuacn, H. J., J. Biol. Chem., 229, 437 (1957). 
12. SHukuya, R., ano Scuwert, G. W., J. Biol. Chem., 235, 
1653 (1960). 
13. International Union of Pure and Applied Chemistry, J. Am. 
Chem. Soc., 82, 5575 (1960). 


ial 

nd 

tie | 

as 

tte 

2), | 

lat 

ts | 

ve, 

tic 
ut 
be | | 
ine 

tie | 
of 

me 

may 

‘te, 

tic 

ay 

ate 

of 

ds, 

r0- 

to 

urs 

of 

1 is 

be | 

rtic 

om- 

cid, 

vith 

rate 

t is 

ion. 

ions 

this 

ytic © 

n of 

M. 

rre- 

use 


THe JoURNAL BIioLoGICAL CHEMISTRY 
Vol. 236, No. 4, April 1961 
Printed in U.S.A. 


Enzymatic Hydrolysis of Adenosine 
3 ,9-Phosphoric Acid* 


GEORGE I. DRUMMOND AND SHIRLEY PERROTT-Y EE 


From the Department of Pharmacology, Faculty of Medicine, University of British Columbia, Vancouver, Canada 


(Received for publication, July 11, 1960) 


During recent years the work of Sutherland and his associates 
(1-3) on the liver phosphorylase system has done much to clarify 
the mechanism of epinephrine-induced hyperglycemia. These 
workers have shown that epinephrine stimulates glycogenolysis 
by increasing the level of active phosphorylase in dog liver slices 
(3, 4) and in cell-free homogenates (5). The effect of epineph- 
rine was shown to be mediated through the formation of a heat- 
stable factor (5) which was isolated and characterized as adeno- 
sine 3’,5’-phosphoric acid (6). Cyclic 3,5-AMP! has been 
recently synthesized in high yield by a relatively simple proce- 
dure (7). Cyclic 3,5-GMP, eyelic 3,5-UMP, and eyelic 3,5- 
CMP have also been prepared. It is not known whether these 
latter compounds exist physiologically. 

Cyclic 3,5-AMP is not confined to liver since it has been 
identified in particulate preparations of dog heart, skeletal mus- 
cle, and brain (8). This fact suggests that other physiological 
actions of epinephrine, such as cardiovascular effects and effects 
on smooth muscle may be related to the formation of. cyclic 
3,5-AMP. 

Sutherland and Rall (6) have briefly described an enzyme, 
presumably a diesterase, that hydrolyzes cyclic 3,5-AMP to 
5’-AMP. The enzyme was found in brain, heart, and liver. 
This paper describes some of our studies on the conversion of 
cyclic 3,5-AMP to 5’-AMP by a diesterase present in various 
tissues. A convenient optical assay is described together with 
studies of substrate specificity, metal requirement, and inhibitors. 
The hydrolysis of nucleoside 2’ ,3’-cyclic phosphates by an en- 
zyme in brain is also described. 


EXPERIMENTAL PROCEDURE 


Materials—Cyclic 3,5-AMP, cyclic 3,5-UMP, and cyclic 3,5- 
CMP (7) were used as the ammonium salts. Cyclic 3,5-GMP 
was used as the calcium salt. Nucleoside 2’ ,3’-cyclic phosphates 
were commercial preparations. The barium salts were con- 
verted to the ammonium salts by treatment with Amberlite 
IR-120 (ammonium form). Polyadenylic acid was a gift from 
Dr. W. E. Razzell. 

Adenylic acid deaminase was purified from rabbit skeletal 
muscle by the method of Lee (9). Routinely, the preparation 
was taken as far as Step 6, which represents a hundredfold puri- 
fication over the original extract. 


* This work was supported by a grant from the Life Insurance 
Medical Research Fund. 

1 The abbreviations used are: cyclic 3,5-AMP, adenosine 3’, 5’- 
phosphoric acid; cyclic 3,5-GMP, guanosine 3’, 5’-phosphoric acid; 
cyclic 3,5-UMP, uridine 3’,5’-phosphorie acid; cyclic 3,5-CMP, 
cytidine 3’,5’-phosphoric acid; EDTA, ethylenediaminetetra- 
acetic acid. 


Enzyme Assay and Unit—The assay of the diesterase is based 


on the conversion of cyclic 3,5-AMP to IMP when tissue frac. | 


tions are added to substrate in the presence of excess purified 
muscle adenylic acid deaminase. The validity of the assay fol- 
lows from the facts that cyclic 3,5-AMP is not deaminated by 
adenylic acid deaminase and that purified deaminase is entirely 
devoid of diesterase activity. Upon addition of enzyme, cyelic 
3,5-AMP is converted to 5’-AMP, the deamination product of 
which, IMP, is measured optically. In practice, the decrease in 
absorbancy at 265 my was followed in a Beckman model DU 
spectrophotometer with photomultiplier attachment with the use 


of 2.0-ml quartz cuvettes of 0.5-cm light path. Fig. 1 shows | 
that the initial rate of —AAess; was proportional to enzyme 


concentration over a considerable range. One unit of enzyme 
activity is defined as that amount that produces a —AAgg of 
0.01 per minute at 25°, provided the rate does not exceed 0.08 
per minute. The specific activity is expressed as units per mg 
protein. Protein was determined by the method of Warburg and 
Christian (10). 

Enzyme Preparation—Because of the relatively high activity 
in brain, most of the studies have been carried out with this 
tissue. A rabbit was stunned by a blow on the head and the 
neck vessels severed. The brain was quickly removed and ho- 
mogenized with three volumes of 0.25 mM sucrose in a Waring 
Blendor for 1 minute at 0°. 
at 20,000 x g for 20 minutes at 0°. 


The supernatant was brought to 40% saturation with am- | 


monium sulfate, which was added gradually over 15 minutes 
with stirring. 


Tris-HCl, pH 7.5. The solution was then dialyzed for 10 hour 
at 2° against 6 liters of this buffer. 


In those experiments that involved periodate analyses, similar 


extracts were prepared in 0.15 mM KCl and dialysis was carried 
out in 0.02 M potassium phosphate, pH 7.5. 

Attempts to purify the enzyme further have been generally 
unsuccessful. Fractionation of brain homogenates with ace- 
tone, acid-heat, ethanol in the presence of zinc, and by alumina 
Cy adsorption have given no more than a threefold purification 
by any single procedure with large and unexplained losses in 
activity. Recombination of several such fractions gave n0 
indication that more than one factor for enzymatic activity 
exists. Instability during fractionation may indicate the pres- 
ence of a cofactor, but the ammonium sulfate fraction is quite 
stable to prolonged dialysis, and storage at —18° for 4 months 
had led to no appreciable loss in activity. 

Distribution of Enzyme—Sutherland and Rall (6) reported 
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The homogenate was centrifuged 


After centrifugation, the supernatant was dis- | 
carded and the precipitate dissolved in a minimum of 0.02 u | 
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0.8 


0.6 


Optical Density (A = 265 my) 


Minutes 


Fic. 1. Spectrophotometric assay of diesterase. The assay 
components added to the experimental cuvette consisted of 67 
ma Tris-HCl, pH 7.0; 1 mm MgCl; purified adenylic acid deami- 
nase that represented 200 units ;? 0.13 mm cyclic 3,5-AMP in water 
in a final volume of 1.5 ml. The reference cuvette contained all 
components except substrate. After a 4-minute interval, the 
reaction was started by the addition of enzyme and —AA 2.5 was 
recorded at 0.5-minute intervals. Enzyme addition (mg of pro- 
tein shown) is indicated by the arrow. The enzyme preparation 
used here was a dialyzed 0 to 40% saturated ammonium sulfate 
fraction of rabbit brain extract. 


TABLE I 
Distribution of diesterase in rabbit tissues 


Two-gram portions of fresh tissues were homogenized in 0.25 M 
sucrose and fractionated with ammonium sulfate as described in 
the text for brain. Plasma was used without fractionation. 
Sedimented red cells were washed twice with isotonic saline, laked 
with 3 volumes of water, and centrifuged. All solutions were 
dialyzed for 8 hours against 6 liters of 0.02 m Tris-HCl, pH 7.5. 
Standard assay conditions were used (see legend to Fig. 1). 


Source Specific activity 
units/mg protein 
Intestinal 0 
0 


that extracts of brain were more active than those of heart and 
that liver was much less active. We have confirmed these ob- 
servations. The relative activities in various tissues are shown 
in Table J. Brain was clearly the most active, followed by 
kidney, heart, andspleen. The enzyme was absent from plasma, 
and red cells. In view of the relatively high activity in brain, 
we examined the distribution of the enzyme in various regions of 


? Units are those defined by Lee (9), except that the enzyme was 
assayed in Tris-HCl at pH 7.0. The amount of enzyme added 
catalyzed the complete deamination of 0.2 umoles of AMP within 
30 seconds in the assay system. 
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the brain as well as in other nervous tissue. Table II shows that 
it is largely confined to the cerebral cortex. It could not be 
detected in spinal cord and sciatic nerve by the optical assay. 
Metal Requirement—Dialyzed extracts are almost completely 
inactive in the absence of magnesium ion (Fig. 2), and all activ- 
ity disappears in 1 mm EDTA. Maximal rates are obtained 
with 0.8 mm MgCl:. Concentrations above this are highly 
inhibitory. Manganous and cobalt ions can partially replace 
magnesium (Table III). Calcium and zinc ions are ineffective 
at 1 mM. 
Effect of pH and Buffers—An examination of the effects of pH 
on the enzyme is limited in the optical assay to that narrow 
range (pH 5.5 to 7.5) where adenylic acid deaminase is active 
in excess. The activity of the latter enzyme falls sharply in 
Tris-HCl at pH values above 7.5 and it is virtually inactive at 
pH 8.15. The diesterase shows increasing activity over the 
range pH 5.5 to 7.5. Values expressed as per cent of the rate at 


TaBLeE II 
Distribution of diesterase in rabbit nervous tissue 


Tissues were homogenized in 0.25 m sucrose in a Potter-Elveh- 
jem type homogenizer. The supernatants obtained after cen- 
trifugation at 20,000 X g for 20 minutes were dialyzed overnight 
against 6 liters of 0.02 mM potassium phosphate, pH 7.5. After 
freezing and thawing once, they were centrifuged to remove 


cloudiness. Standard assay conditions were used. 

Source Specific activity 

units/mg protein 


0.04 


0.03- 


0.02- 


35" Cyclic Amp Hydrolyzed (p Moles /Min. /Mg. Protein ) 


u- 


0 1 2 
Log M x 10 

Fic. 2. Magnesium ion dependence of the diesterase. The con- 
ditions used were those of the standard assay except that the 
MgCl. concentration was varied. The enzyme preparation used 
was a 0 to 40% ammonium sulfate fraction of rabbit brain, 0.6 mg 
protein, specific activity under standard conditions, 12.0. 
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III 
Effect of several cations on diesterase 


Standard assay conditions were used except that magnesium 
chloride was replaced by other metal chlorides. Cations at the 


concentration used did not inhibit adenylic deaminase. The 
enzyme preparation was the same as that for Fig. 2. 
Cation Molarity | 

| pumoles/min/mg | 
0.001 0.041 100 
| 0.001 | 0.0 | 0 
0.001 0.019 | 41.5 


pH 7.0 are: pH 5.5 (acetate), 18; pH 6.0 (acetate), 73; pH 6.4 
(Tris-HCl), 79; and pH 7.5 (Tris-HCl), 131. It seems that the 
optimal pH lies in the alkaline range. Although citrate ion 
markedly increases the activity of adenylic deaminase (11), this 
cannot be taken advantage of for the diesterase assay, since the 
latter enzyme, because of its magnesium ion requirement, is 
essentially inactive in this buffer. 

Effect of Inhihitors—The enzyme from rabbit brain was not 
inhibited by high concentrations of iodoacetamide. When in- 
cubated with this sulfhydryl reagent at a 4 mM concentration at 
0° for one hour and followed by fiftyfold dilution upon addition 
to the experimental cuvette, the enzyme was unaffected. No 
inhibition was obtained when the enzyme was incubated with 
0.2 mm diisopropylfluorophosphate at 0° for 40 minutes with 
subsequent fiftyfold dilution for assay. Cocaine at a 2 mM cen- 
centration in the assay mixture gave only 15% inhibition. 
1-Norepinephrine hydrochloride did not inhibit at 1 mm. Ex- 
tracts (prepared in 0.15 m KCl and dialyzed against 0.02 m 
potassium phosphate buffer) were completely inactivated when 
incubated for 30 minutes with 1 mM potassium periodate. This 
fact prevented the use of a coupled periodate glycol cleavage 
assay system (see below) for the enzyme. 

Relative Rates of Hydrolysis of Various Cyclic 3 ,5-Nucleotides— 
Extracts of rabbit brain are capable of hydrolyzing cyclic 3,5- 
GMP and cyclic 3,5-UMP, but not cyclic 3,5-CMP. This was 
demonstrated by incubation of the compounds with brain en- 
zyme for varying time intervals, followed by assay of the depro- 
teinized reaction mixtures for 5’-nucleotides by measurement of 
periodate uptake spectrophotometrically at 235 my (12). The 
assay is based upon the fact that the cyclic 3,5-nucleotides are 
completely stable in the presence of periodate and that the 
product of the reaction in each case is exclusively 5’-nucleotide. 
Cyclic 3,5-GMP is hydrolyzed at one-third the rate of cyclic 
3,5-AMP, cyclic 3,5-UMP at one-ninth the rate, and cyclic 
3,5-CMP is not hydrolyzed under the conditions used. 

Identification of Reaction Products—Qualitative evidence that 
5’-AMP is the immediate product formed by the hydrolysis of 
eyclic 3,5-AMP is provided by the coupled assay with adenylic 
acid deaminase since this enzyme is completely specific for 5’- 
AMP (11). Evidence that the substrate is converted quantita- 
tively to 5’-AMP may be drawn from the fact that, when the 
reaction is allowed to go to completion, 40% of the original 
optical density remains (Fig. 1). This would be expected from 
quantitative conversion of the 5’-AMP formed to 5’-IMP. 
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Further evidence that the reaction product is 5’-AMP was diy 
obtained by paper chromatography. One-ymole quantities of | cle 
cyclic 3,5-AMP were incubated with dialyzed tissue extracts _ Pr 
and 1 mM MgCl, at pH 7.5 ina final volume of 0.2 ml for 0-, & | ee 
15-, and 30-minute intervals at 38°. After acidification to stop | | 
enzymatic activity, aliquots (0.04 ml) of reaction mixtures were — a 
spotted on Whatman No. 1 filter paper together with authentic T 
samples of 5’-AMP, 3’-AMP, and cyelic 3,5-AMP. The chro. 
matograms were developed by descending technique with isopro. pha 
panol-ammonium hydroxide-0.1 m boric acid (7:1:2). This yet 


solvent system effectively separates adenine, adenosine, and the | and 
adenosine nucleotides. The chromatograms showed that rab. - aleo 
bit brain and heart extracts converted cyclic 3,5-AMP quantita. - able 


tively to a compound indistinguishable from authentic 5’-AMP. dese 


No other compound was visible under ultraviolet light. Rabbit - hydi 
liver and skeletal muscle showed extremely low activity and_ ~ phat 
thus confirmed the results of the optical assay; in each cage A 
traces of an additional product were present. Rabbit plasma | 4¢ig 
and red cells showed no conversion; cyclic 3,5-AMP was the nym 
only compound present on the chromatograms. Only 

Sutherland and Rall (6) reported that partially purified beef «joi, 
heart diesterase converted cyclic 3,5-AMP exclusively to com 
5’-AMP, but that traces of interfering enzymes were present in EDT 


brain. Our experiments have been repeated with many different rate 
samples of rabbit brain and in every case the only product present | 


after completion of the reaction was 5'-AMP. Identical results _ 
have been obtained with cat brain. Ex 
Similar experiments were conducted to identify the hydrolysis _¢ ey 


products of the other cyclic 3,5-nucleotides. One-ymole quan. - nal 
tities of each of the 4 cyclic 3,5-nucleotides were incubated with enzy! 
brain enzyme in the manner described above. The developed evelic 
chromatograms showed that, whereas the hydrolysis of cyclic. that | 
3,5-A MP was virtually complete in 5 minutes and the only prod- _ purin 
uct formed corresponded to 5’-AMP, the reaction with cyelic 3,5-U 
3,5-GMP was virtually complete in 15 minutes and the product at aij 


formed corresponded to authentic 5’-GMP. In the latter, at =, , 


the end of 30 minutes, a trace of another ultra violet-absorbing for tl 
compound was present. This compound has not been identified } from | 
further. It probably is formed from 5’-GMP since, at the time phosp 


of its appearance, no cyclic 3,5-GMP remained. The reaction E «not 
with cyclic 3,5-UMP was not complete at 30 minutes, and the 


only new compound formed corresponded to authentic 5’-UMP. | <—. 
Cyclic 3,5-CMP was completely stable throughout the incuba. jphibi 
tion period and, in an additional experiment, up to 1 hour. No _ jyge p 
trace of any other compound was present on the chromatograms __ponerg 
at any time, thus, the results of the periodate assay, in that cyclic degree 
3,5-CMP is not hydrolyzed by brain extracts under these condi tion 0; 
tions, were confirmed. of a de 

Hydrolysis of Nucleoside 2' ,3'-Cyclic Phosphates—The enzym ye 
preparation from rabbit brain also catalyzes a raipd hydrolysis j99 
of nucleoside 2’ ,3’-cyclic phosphates. One-umole quantities o homog 


the 2,3’-cyclic phosphates of adenosine, uridine, and cytidine 
were incubated with brain extract (0 to 40% saturated ammo- - 
nium sulfate extract, 0.5 mg protein) in the usual manner. Chro- 

matography of aliquots of the reaction mixtures in isopropanol 
ammonium hydroxide-water (7:1:2) revealed that hydrolysis of 
all three phosphodiesters was virtually complete within 30 min-— 
utes. A single new spot appeared in each case indistinguishable 
from the corresponding nucleoside 2’(3’)-phosphate. The 
hydrolysis of 2,3’-cyclic phosphates, however, differs markedly ' 
from the hydrolysis of the 3’,5'-cyclic esters in that there is 20 _ 
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for the cyclic 3,5-diester linkage. 
: from brain catalyzes a rapid hydrolysis of nucleoside 2’ ,3’-cyclic 
_ phosphates but this activity does not require divalent metal and 
- ig not inhibited by EDTA. 
- enzyme from that that hydrolyzes the 3’,5’-cyclic phosphates. 
-. The relatively slow hydrolysis of ribonucleic acid (which is not 


divalent metal requirement and, in fact, hydrolysis of the nu- 
cleoside 2’ ,3’-cyclic phosphates is not inhibited in the presence 
of 10 mm EDTA, conditions under which hydrolysis of the 3’ ,5’- 


' eyclic phosphates is completely arrested. This would strongly 


suggest that a different enzyme is involved in the hydrolysis of 


the nucleoside 2’ ,3’-cyclic phosphates. 


The product of hydrolysis of adenosine 2’ ,3’-cyclic phosphate 
by the rabbit brain preparation is exclusively adenosine 2’-phos- 
phate. This was determined by elution of the hydrolysis prod- 


~ yet separated in the isopropanol-ammonium hydroxide system 
and rechromatography of it in disodium phosphate-isoamy] 
alcohol (13). 
- able from adenosine 2’-phosphate. Davis and Allen (14) have 


A single spot (Rr = 0.74) appeared, indistinguish- 


described a diesterase in beef pancreas that is specific for the 


it hydrolysis of purine and pyrimidine nucleoside 2’ ,3’-cyclic phos- 
_ phates to the corresponding nucleoside 2’-phosphates. 


Action of Brain Extract on Ribonucleic Acid and Polyadenylic 
4cid—Yeast ribonucleic acid (2.4 mg) was incubated with en- 
zyme fraction (0.5 mg protein) at pH 7.5 for 6 hours at 30°. 
Only 8.4% of the total possible mononucleotide appeared as 
“acid-soluble nucleotides” in the ribonuclease assay (15). This 
comparatively slow hydrolysis was not inhibited by 10 mm 


in EDTA. Polyadenylic acid was not hydrolyzed at a measurable 
- rate when incubated under similar conditions. 


DISCUSSION 


Extracts from several rabbit tissues catalyze the conversion 


_ of eyelic 3,5-AMP specifically to 5’-AMP. Except for the mag- 
-  nesium requirement, no proof is yet available that the same 


enzyme is responsible for the hydrolysis of cyclic 3,5-GMP and 
eyelic 3,5-UMP. If only one enzyme is involved, it would seem 
that it is more selective for cyclic 3,5-nucleotides that contain 


, purine bases than for those with pyrimidine bases, since cyclic 
- 3,5-UMP is hydrolyzed only slowly and cyclic 3,5-CMP not 
~atall. 


It cannot be concluded that the enzyme is entirely specific 
The enzyme preparation 


It may, therefore, be a different 


inhibited by EDTA) and the failure of the preparation to hydro- 


_ lyse polyadenylic acid might indicate that the enzyme is not a 
- general diesterase for 3’,5’-linked phosphate and point to some 
degree of specificity for the cyclic 3 ,5-diester linkage. 
* tion of the exact specificity of the enzyme and also assignment 


Clarifica- 


of a descriptive name must obviously await further purification. 

Cyclic 3,5-AMP is formed by cellular particles that sediment 
at 1200 « g (5, 8). Systematic cellular fractionation of brain 
homogenates has revealed the diesterase to be localized entirely 
in the 100,000 x g supernatant. It seems likely that cyclic 


_3,5-AMP, once formed, must become available jn the fluid por- 


tion of the cell in order to activate phosphoryl] Presumably, 
then, it would become available for hydrolysis by the diesterase. 


: The diesterase might, therefore, act as an important physiological 
_ control mechanism, by keeping the cellular concentration of 
_¢yelic 3,5-AMP within physiological levels under various condi- 
tions. 
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The formation of cyclic 3,5-A MP by extrahepatic tissues and 
the ability of these tissues to destroy the compound may suggest 
a physiological role or roles other than phosphorylase activation. 
As yet no significance can be attached to the high diesterase 
activity in cerebral cortex. The precise physiological role of the 
diesterase in extrahepatic tissues must await further studies. 


SUMMARY 


Extracts of rabbit tissue catalyze the hydrolysis of adenosine 
3’,5’-cyclic phosphate to adenosine 5’-phosphate. An active 
fraction is obtained by ammonium sulfate precipitation and 
dialysis, and shows optimal activity in the presence of 0.8 mm 
MgCl. It is completely inhibited by ethylenediaminetetra- 
acetate and periodate. 

Brain is the richest source of the enzyme, where it is located 
primarily in the cerebral cortex. Lesser amounts are found in 
heart, kidney, and spleen. Very small amounts are present in 
liver and skeletal muscle. The enzyme is absent from plasma, 
red cells, spinal cord, and sciatic nerve. 

Guanosine 3’,5’-cyclic phosphate and uridine 3’,5’-cyclic 
phosphate are also converted to the corresponding 5’-nucleotides 
by extracts of rabbit brain. Cytidine 3’,5’-cyclic phosphate is 
not hydrolyzed. 

Rabbit brain also catalyzes a rapid hydrolysis of the 2’ ,3’-cy- 
clic phosphates of adenosine, cytidine, and uridine. The product 
of hydrolysis of adenosine 2’ ,3’-cyclic phosphate is exclusively 
adenosine 2’-phosphate. The enzyme-catalyzing hydrolysis of 
the nucleoside 2’ ,3’-cyclic phosphates does not require added 
magnesium and is not inhibited by ethylenediaminetetraace- 
tate. 
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The observation of Boman and Kaletta (1, 2) that venom 
phosphodiesterase is capable of hydrolyzing the so called native 
thymus deoxyribonucleic acid has been confirmed: in several 
laboratories (3-5). Boman (6) noticed that under appropriate 
conditions the reaction may be carried almost to completion. 
All these experiments were performed with comparatively crude 
preparations of phosphodiesterase. 

In the present paper the progress of degradation of deoxy- 
ribonucleic acid by highly purified phosphodiesterase has been 
followed by three independent: methods: pH-stat titration, 
viscosimetry, and spectrophotometry. Similar measurements 
were made with pancreatic deoxyribonuclease I (a typical endo- 
nuclease) and with micrococcal deoxyribonuclease. The results 
were compared, and they led to the conclusion that phospho- 
diesterase degrades deoxyribonucleic acid to completion, es- 
sentially by exonucleolytic action (7). 


EXPERIMENTAL PROCEDURE 


Phosphodiesterase—Phosphodiesterase from the venom of 
Bothrops atrox'! was prepared by a method similar to that de- 
scribed previously (8), but modified to improve both yield and 
purity of the preparation. 

Acetone Fractionation—Step 1. The procedure of Koerner and 
Sinsheimer (9) was modified. Venom (2 g) was dissolved in 120 
ml of cold water, stirred for 30 minutes at 0°, and filtered on 
Biichner funnel, with Whatman No. 3 paper. The clear solution 
was placed in an ice bath and was treated with 80 ml of cold 0.5 
M acetate buffer, pH 4.0, and then with 145 ml of acetone ( —20°) 
to attain a concentration of 42%. The mixture was stirred for 
30 minutes, and centrifuged in a Servall refrigerated centrifuge 
at 0° for 15 minutes. The heavy yellow precipitate (Precipitate 
1) was discarded. The clear supernatant solution was trans- 
ferred to the bath at —17°, stirred for 2 hours, and the precipitate 
which formed (Precipitate 2) was removed by centrifugation at 
—17°. The clear supernatant solution was transferred to bath 
at —17°, and 55 ml of —20° acetone were added with stirring. 
The mixture was stirred for 1 hour and was centrifuged at —17°. 
The precipitate (Precipitate 3) was dissolved in water (10 ml per 
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g of original venom) and was kept frozen. It was stable for 
a week. This precipitate contained most of phosphodiesterage 
and only about 0.001% of the 5’-nucleotidase originally present 
in venom. Table I illustrates the distribution of the two en. 
zymes in the three precipitates. 
(cf. Table I in the previous paper (8)) increased the yield of phos. 
phodiesterase about 2-fold (60% recovery instead of 30% by the 
previous procedure), and decreased the contaminating 5’-nucleo- 
tidase. 


The introduced modification © 


When larger batches of phosphodiesterase had to be prepared, 


this step was performed with 10-g quantities of dried venom, — 


proportional increases of other reagents, and the use of the GSA 
rotor of refrigerated Servall centrifuge. With the large scale 
experiments the removal of 5’-nucleotidase was less efficient; 
the final third precipitate contained about 2 to 3 times more 5’- 
nucleotidase than was normally found in small scale experiments, 


Ethanol Fractionation—Step 2. When the amount of Precipi- — 
tate 3 (Step 1) equivalent to 20 g of venom was accumulated, © 
batches were thawed and combined. Water and 1 M acetate — 
buffer, pH 6.0, were added to attain the final absorbancy at 280 — 


my of 10.0 and a final molarity of acetate buffer of 0.1. 


The in- 


ert protein was removed with 0.5 volume (33%) of ethanol (95% 


counted as 100%) at 0°, and the phosphodiesterase was precipi- 
tated with an additional 1.5 volumes of ethanol (33 to 66% pre- 
cipitate) at —17°. 

Step 3. The precipitate from Step 2 was dissolved in 0.1 
Tris buffer, pH 8.9, and the volume was adjusted to an absorb- 
ancy at 280 my of 10.0. The fractionation between 33 and 
66% was repeated as in the previous step. The precipitate was 
dissolved in a small volume of 0.1 Mm Tris, pH 8.9. 


Continuous Paper Electrophoresis—Step 4. The solution of © 
enzyme from Step 3 (total absorbancy at 280 my of about 180) — 
was dialyzed against 0.5 m Tris buffer, pH 8.9, and was intro- | 
duced on the middle tab of the Beckman-Spinco model CP con- 
tinuous flow electrophoresis apparatus, previously equilibrated | 


with the same buffer. 
units per ml, charging rate 14 ml per hour, applied potential 700 
volts. Under these conditions protein was distributed through- 
out 12 of the 16 tubes, forming two or three distinct peaks. 
About 80% of the phosphodiesterase appeared in tubes 6 to 8 
(tube 1 was closest to the cathode). 


Protein concentration was 5 to 10 Aw — 


Chromatography on Carboxrymethyl Cellulose—Step 5 was car- 
ried out as described previously (8). This step was essential — 
since the endogenous DNase present in venom (3, 10), and partly © 
carried through the previous steps, appeared in peak 1, whereas — 


phosphodiesterase appeared in peak 2 (Fig. 1, (8)). 


Chromatography on Diethylaminoethyl Cellulose—Step 6 was | 


performed as previously described (8). This step eliminates the — 
final traces of contaminating 5’-nucleotidase. Contrary to the — 
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previously observed distribution (Fig. 2, (8)), only a small 
amount of phosphodiesterase appeared in peak 1. The bulk of 
phosphodiesterase of high potency appeared in peak 2. The 

‘eld in each step and the extent of purification are summarized 
in Table II. Phosphodiesterase was kept frozen until ready to 
use. Phosphodiesterase thus obtained also acted on ATP, pro- 
ducing AMP and pyrophosphate. 

Assay—For the purpose of purification, phosphodiesterase was 
assayed with calcium di-p-nitrophenyl! phosphate as suggested by 
Sinsheimer and Koerner (11), except that Mgt+ was omitted. 
Beginning with step 4, crystalline bovine serum albumin (Armour 
and Company) was added to stabilize the enzyme (0.5 mg per 
30 ml of incubation mixture). Activity was expressed in AA 409 
per minute and potency as activity per Aogo of the enzyme solu- 


tion. 5’-Nucleotidase was determined as previously described 


(8) and expressed in the same units. Endogenous DNase of 


venom was determined viscosimetrically at pH 5.0. 


Micrococcal DNase—Micrococcal DNase was prepared ac- 
cording to Cunningham et al. (12) and was the gift of Dr. Cun- 
ningham. 


DNA was prepared according to Kay et al. (13). It contained 


15% moisture, and, on a dry weight basis, 8.4% P, 14.3% N, 
and 31% of total ash; sulfur was absent. 


The moisture and P 
values agree with values found by Cavalieri (14) for a similar 
preparation of DNA. The N value is in good agreement with 


| the average value reported by Dounce (13), although the per- 


centage of phosphorus is low; e (P) of our preparation was 6300 
in 0.2 m NaCl. 
The stock solutions of DNA were prepared by dissolving 75 to 


_ 95mg of air-dried DNA in 50 ml of 0.2 m NaCl at 5°. Test solu- 
- tions were then prepared from these stock solutions, deionized 
- water and salt, HCl, NaOH, and Tris buffer solutions. 
- chemicals were analytical grade and were used without further 
purification. 


The 


In a few experiments stock solutions were pre- 
pared from DNA freed from salt by dialysis. The total phos- 
phorus content of each stock solution was determined by the 


- method of Fiske and SubbaRow (15). 


Spectrophotometric Analyses—Calibrated 1-cm quartz cuvettes 


and a Beckman model DU spectrophotometer equipped with 
thermospacers and a photomultiplier attachment were used for 
spectrophotometric analyses. 


Viscosimetric Measurements—Viscosimetric measurements 


_ were performed with an. Ostwald viscosimeter having a flow 
_ time of 40.5 seconds and an average velocity gradient B = (8V) / 


(3 x (r)? »,) = 280 sec-! for deionized water. The value of 


_ 8 for the DNA solution employed ranged between 77 and 106 
- ge, No kinetic energy corrections were made. 


Paper chromatography was performed according to Bergkvist 
(16). 

pH-Stat Titrimetry—The essential features of the pH-stat 
apparatus were a constant voltage transformer, a Leeds and 
Northrop line operated pH-meter, a Leeds and Northrop Speed- 


- omax, type G recorder, and a cam-driven (by a constant torque, 
 qy horsepower motor) calibrated 1-ml syringe. 


pH could be 


maintained constant within 0.014 pH unit. Enzymatic hy- 


_ drolyses were carried out in a water-jacketed cell under a flow 
_ ofnitrogen, with magnetic stirring. The concentration of NaOH 
which was used to maintain the pH ranged between 1.60 and 
10.0 xX 10-3 nN, depending on the rate and extent of different 
_ hydrolysis reactions. The normality of the NaOH was deter- 
Mined by standard volumetric procedure at the beginning and 
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TABLE 
Step 1 of purification of phosphodiesterase 
Phosphodiesterase 5’-Nucleotidase 
Fraction Total Pot-| Total 
ency Yield Potency Yield 
units % units % 
Crude venom (2 g)....| 451 0.19100 2,844,000 1198 100 
Ppt. 1, 42% acetone 
63 0.04 14 (2,701,800)1600 95 
Ppt. 2, 42% acetone 
61 0.16 13.5 17,917, 48 0.63 
Ppt. 3, 50% acetone 
279 0.44: 62 29, 0.046 0.001 
TABLE II 
Yield and extent of purification of phosphodiesterase 
Fraction Total A2so Potency Yield 
units units/ A280 % 
Crude venom (2 g)..... 2372 451 0.19 1 100 
629 279 0.44 2.3} 62 
128 251 1.96 10.3 | 56 
17.7 147 8.3 43.7 | 33 
4.5 127 28 .2 128.4 | 28 
2.1 76 36.0 189 17 
wes 1.04 46 44.5 234 10 


end of each pH-stat titration and the average value was used in 
the ensuing calculations. All measurements were made at 37°. 

Before use in pH-stat experiments, phosphodiesterase was di- 
alyzed against dilute NaOH (pH 9.0) in the cold. Dialysis was 
performed in a closed system to prevent absorption of CO.. 
The pH was checked at each change of the dialysate and at the 
conclusion of dialysis. 


RESULTS AND DISCUSSION 


Although the optimal conditions for the action of phospho- 
diesterase on several synthetic and natural substrates of low 
molecular weight are now established (17-19), this is not the 
case with DNA. Boman (6) reported that with 0.1% DNA, 
at pH 9.1 and in the presence of 2 K 10-3? m Mg++ and 1 x 10-3 
M ethylenediaminetetraacetic acid, the reaction stopped very 
early, presumably as a result of inhibition by the products. 
When 2 X 10-3 m Cat* was used instead of Mg++, the reaction 
proceeded almost to completion. 

On the basis of Boman’s observation, conditions were sought 
to carry the reaction to completion. With 0.3 unit of phospho- 
diesterase per ml, 0.007% of DNA, in the presence of 10-? m 
NaCl and 10-* m CaCls, hydrolysis (see Curve A, Fig. 1) was 
completed in 3 hours. The rate of hydrolysis for the first 5 
minutes was of the order of 2 wmoles of nucleotide phosphate 
liberated per minute per mg of enzyme. The completion of the 
reaction was calculated from pH-stat data and was confirmed by 
paper chromatography. Recovery of mononucleotides was al- 
most quantitative; no ultraviolet-absorbing material was left 
at the origin or detected in any other region outside that of 
mononucleotides. In our hands, no significant difference be- 
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tween activating effect of Mg++ and Ca++ could be observed 
(Curve A, Fig. 1). 

The concentration of bivalent cations required was found to 
be related to the concentration of monovalent cations present 
in the reaction medium when phosphodiesterase acted on DNA. 
Table III shows the effect of an increased NaCl concentration 
on the extent of hydrolysis of DNA at 10-° m MgCle. When 
DNA was exhaustively dialyzed to remove NaCl and assayed in 
the presence of 10-3 m MgCl, the extent of hydrolysis decreased 
compared to hydrolysis in presence of 10-* m MgClo, and 10-2 m 
NaCl (Curves A and B, Fig. 1). This was interpreted as inhibi- 
tion caused mainly by an excessive concentration of Mg ions and 
only partially by denaturation of the DNA, because in the ab- 
sence of NaCl the extent of hydrolysis was greater with 5 x 
10-4 m MgCl. than with 10-3 m MgCl, (cf. Curves B and C, 
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Fig. 1. Time-activity curves of purified venom phosphodiester- 
ase measured by pH-stat titration. Percentage of hydrolysis = 
(moles of NaOH X 100)/(total moles of diester bonds). Curve 
A: X, 0.001 m MgClo, 0.01 m NaCl, 0.007% DNA; 0, 0.001 m 
CaCh, 0.01 m NaCl, 0.007% DNA. Curve B: A, 0.001 m CaCle, 
0.007% dialyzed DNA; O, 0.001 m MgClo, 0.007% dialyzed DNA. 
Curve C: ®, 0.0005 m MgClo, 0.007% dialyzed DNA. Curve D: @, 
0.001 m MgCle, 0.090% dialyzed DNA. The concentration of 
enzyme in all experiments was 0.3 unit per ml (6.7 ug per ml). 


TABLE III 


Effect of increased NaCl concentration on rate of degradation 
of DNA by phosphodiesterase* 


A Aase 
Time 
0.01 Mm NaCl 0.11 Mm NaCl 
0.001 wm MgCle 0.001 m MgCle 
min 
0 

15 0.17 0.09 
30 0.42 0.11 
45 0.56 0.13 
60 0.63 0.14 
75 0.66 0.15 
90 0.67 0.17 


* Phosphodiesterase, 0.3 unit per ml; 0.05 m Tris buffer (pH 
8.70), DNA concentration, 0.009% (on air dry weight basis). In- 
cubated in a thermostated Beckman model DU spectrophotometer 
at 36°, and read against blank containing no enzyme. 
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lO 20 30 
TIME, MIN. 

Fic. 2. The reversal of NaCl inhibition of DNase I by increased 
concentration of MgCl,. All tubes contained 0.004% dialyzed 
DNA, 0.1 m Tris buffer, pH 7.2, 0.001 m MgCloe, 1 wg per ml of 


DNase I. Tubes B and C in addition to the above contained 0.) 
mM NaCl. At the time indicated by arrows (11 minutes) tubes 4 


and B received 0.1 ml of 2 m MgCl, to adjust its concentration to | 
Incubation was carried in a thermostated | 


approximately 0.05 m. 
model DU Beckman spectrophotometer at 36°, and tubes were 
read against a blank containing 0.004% DNA in 0.1 m Tris buffer. 


Fig. 1).2. An increase in the concentration of DNA without 
changing the ionic composition of the medium decreased the 
extent of hydrolysis by phosphodiesterase (cf. Curves B and 
D, Fig. 1). 


Although no systematic study of the effects of ions and sub- — 


strate concentration was intended, the presented results sug- 
gest that the three variables, substrate, NaCl, and bivalent 
cation, show optimal concentrations, all of which are interde- 
pendent. 
proceed to completion has been described’ (Curve A, Fig. 1). 


One set of conditions allowing the reaction to | 


The results obtained with phosphodiesterase prompted experi- _ 


ments in which the effects of sodium and magnesium ions on 
DNase I were studied. It has been known for sometime that 
DNase I is inhibited by high concentrations of sodium chloride 
in the reaction medium (20). It has now been observed that 
the inhibition produced by NaCl may be reversed by an in- 
creased concentration of Mg++. An example is shown in Fig. 2. 


Progress of enzymatic degradation of the DNA molecule has | 
been studied extensively only with DNase I (21-23).: Assuming 
a polydisperse substrate and using light scattering and pH-stat | 


data, Thomas (21) has shown that the degradation of DNA with 
DNase I at 25° is best fitted by a plot of M(P)/M against 
2puzs + 1 fora valueofh = 2; M(P)/M isthe ratio of the 
weight average molecular weight (,,) of the polymer mole- 


cules at a given stage of degradation to the molecular weight of 


the molecules before the addition of enzyme. The term 2p% 
is a measure of the number of diester bond cleavages per parent 
Z-average molecular weight (./,) polymer molecule. The fac- 


2In another series of experiments, dialyzed DNA was hy- 
drolyzed by phosphodiesterase in the presence of: (a) 10° ™ 
MgCle, (b) m MgCl. and 10-2 m NaCl, (c) 3 10-4 m MgCk. 
The extent of hydrolysis was lowest in (a), highest in (c). 

3 No claim is made that 10-2 m NaCl represents an optimal con- 
centration for the system studied. On the contrary, some evi 
dence has been accumulated which indicates that the optimum 
for sodium chloride concentration is considerably lower. The 
reason for using 10-? M NaCl was to approach as closely as possible 
conditions comparable with methods other than the pH-stat. 
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curve and the experimental data is quite good. A comparison 


| intermediate type of nucleolytic behavior. 
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tor 2h + 1 takes into consideration the number of hydrogen 
bonds which are required to hold two DNA strands together 
when one or more diester bond cleavages have been produced in 
each of the strands. As Thomas has shown, the fact that M/(P) / 
MM may be replaced by [n]/[nlo (ratio of the intrinsic viscosities) 
indicates that the flexible rod relationship, [yn] = KM, is true 
for the degradation of DNA with DNase I during the early stages 
of digestion. 

Fig. 3 illustrates our viscosity pH-stat data together with 
Thomas’ theoretical curve assuming an M, value of 7.5 x 106 
for our DNA (M, = 5 X 10°) and using the approxima- 
tion suggested by Thomas that at a DNA concentration of 


0.002%, In] = (“"), | where 75) is the specific viscosity, c 


is the concentration of DNA, and 8B is the average velocity gra- 
dient of a given solution in the viscometer. Although our DNA 
concentrations are approximately 4 times as large as those used 
by Thomas, the fit of our data for the early stages of degradation 
is surprisingly good. Conway and Butler (24) have published 
data which suggest that the reduced specific viscosity at DNA 
concentrations comparable to those used by us need be corrected 
only for velocity gradient effects. 

For an exonuclease, during the initial phase of the reaction, 
one may postulate that the decrease in viscosity (and molecular 
weight) is proportional to the number of internucleotide bonds 
cleaved. A hypothetical straight line was drawn on the assump- 
tion that cleaving of 5% of the internucleotide bonds reduced the 
Fig. 3 shows that the fit of the hypothetical 


with the DNase I curve and data leaves little doubt that the 
venom diesterase attacks DNA essentially by exonucleolytic 
action. 

The results obtained with micrococcal DNase represent an 
Obviously, the pre- 
dominant action is endonucleolytic, yet the change in viscosity 


_ percleavage is smaller than would be expected on the assumption 
_ ofrandom cleavages. A plausible explanation is that some exo- 


nucleolytic splits follow the endonucleolytic action. This as- 
sumption is corroborated by the recent results of Dekker et al. 
(25-27). 

A sharp distinction between endo- and exonucleolytic types of 


- gction, seen in the viscosimetric studies, prompted the investiga- 
tio in which absorbancy change was correlated with the number 


ofsplits. It has been expected that the magnitude of the optical 
yrturbation caused by a cleavage of an internucleotide bond will 
be dependent on the location of the bond in the molecule and will 
thus reflect the endo- or exonucleolytic type of action. This 


expectation was confirmed. 


Fig. 4 illustrates changes in absorbancy per cleavage during the 
degradation of DNA by the three enzymes. The ordinate repre- 
ents difference spectra values at 259 my. Direct spectra curves 
oi DNA before and after complete digestion with venom phos- 
phodiesterase showed that the spectral perturbation was both 
bathochromic and hyperchromic, a result which agrees with the 
previous observation on dinucleotides (28). 

It is now generally accepted that the action of DNase I asymp- 
totically approaches a standstill when approximately 25 to 30% 
of the internucleotide linkages have been broken (2pys ~ 4500). 
Kunitz (29) was the first to notice that the optical effects subside 
earlier than the liberation of titratable groups. This observa- 
tion has been confirmed. 
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Fia. 3. Correlation of the change in the approximated intrinsic 
viscosity (see text) and the number of diester bond cleavages per 
parent z-average molecular weight DNA molecule. A, snake 
venom phosphodiesterase; O, DNase I; 0, micrococcal DNase. 
—-—-is the theoretical molecular weight decay curve from Thomas 
(21). —-—is the hypothetical decay curve for phosphodiesterase. 
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Fic. 4. Correlation of the hyperchromicity and the number of 

diester bond cleavages per parent z-average molecular weight mol- 


ecule. A, venom phosphodiesterase; O, DNase I; 0, micrococcal 
DNase. 7 


The initial cleavages produced by DNase I result in a hyper- 
chromic effect which is considerably greater than either that for 
micrococcal DNase or, particularly, that for phosphodiesterase. 
An apparent lack of optical effect during the second part of the 
reaction with DNase [is puzzling. A highly speculative explana- 
tion is that the optical effect due to cleavages of internucleotide 
bonds is balanced by an opposite optical effect resulting from re- 
forming of double stranded structures. Since the longest chains 
remaining in the DNase I digest are estimated as between 8 and 
12 nucleotides, and it is known that almost all combinations of 
nucleotides are present in the digest, it seems conceivable that 
double stranded molecules may be formed even at 37°. Recent 
findings of Lipsett et al. (30), which show that even dinucleotides 
may form double stranded structures, substantiate such an ex- 
planation. 

The curve representing the digestion with phosphodiesterase 
(Fig. 4) is S-shaped. One might speculate that near the mid- 
point of the digestion a cleaving of one internucleotide linkage 
produces a more pronounced rearrangement in the helical struc- 
ture than a corresponding cleavage either at the end or the begin- 
ning of digestion. 

With micrococcal DNase the optical effect per cleavage is con- 
sistently higher than with phosphodiesterase. This would be ex- 
pected because of the endonucleolytic character of micrococcal 
DNase. The unexpected finding is that the final optical effect 
is equal for both enzymes in spite of the fact that phosphodies- 
terase cleaves 100% of bonds, and micrococcal DNase 70%. The 
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comparison of values of specific absorbancy of 5’- (31) and 3’- 
(32)deoxyribomononucleotides indicates that these values are 
rather similar. The observed discrepancy cannot, therefore, 
be ascribed to the difference of breaking C3’—P (phosphodies- 
terase) versus P—C5’ bond (micrococcal DNase), and remains 
unexplained. 


SUMMARY 


An improved method for preparation of venom phosphodies- 
terase with a higher potency and in better yield has been de- 
scribed. Purified phosphodiesterase quantitatively degrades in- 
tact thymus deoxyribonucleic acid to mononucleotides; no other 
products have been detected. The rate of the reaction is de- 
pendent on the MgCl. or CaClz concentration and is inhibited 
by high NaCl and substrate concentrations. The degradation 
of deoxyribonucleic acid by phosphodiesterase follows the course 
expected for exonucleolytic action and differs strikingly from that 
of deoxyribonuclease I, a typical endonuclease. Micrococcal 
deoxyribonuclease represents an intermediate type of enzyme in 
which endonucleolytic action predominates at the early stages of 
reaction. For each of the three enzymes studied the optical 
effect per diester bond cleavage varies during the digestion. The 
three different curves thus obtained reflect endo- or exonucleolytic 
type of action. 
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The products of digestion of thymus deoxyribonucleic acid by 
pancreatic deoxyribonuclease (DNase I) differ from the products 
of digestion of the same deoxyribonucleic acid by splenic deoxy- 
ribonuclease (DNase II). The products found in the digest of 
deoxyribonucleic acid by pancreatic deoxyribonuclease carry 
the monoesterified phosphate in the 5’ position. Among the 
numerous identified dinucleotides the combination d-pPu-pPy! 
was absent except for d-pGpC (3). This led to a suggestion 
that the linkage d-pPu-pPy is preferentially susceptible to pan- 
creatic deoxyribonuclease (4). The products found in the 
splenic deoxyribonuclease digests carry the monoesterified phos- 
phate in the 3’ position. Among several identified di- and 
trinucleotides, the sequence d-Pyp-Pup was absent, suggesting 
that this linkage is particularly susceptible to splenic deoxyribo- 
nuclease (5). 

It has previously been shown that oligonucleotides obtained 
from the digest of splenic deoxyribonuclease are susceptible to 
further hydrolysis by pancreatic deoxyribonuclease (6). It 
has also been shown (2) that a trinucleotide d-ApApTp isolated 
from the splenic deoxyribonuclease digest was hydrolyzed by 
pancreatic deoxyribonuclease to d-ApA + d-pTp. In the pres- 
ent investigation a splenic deoxyribonuclease digest of deoxy- 
ribonucleic acid was eluted, first with 1 mM then with 2 m buffer. 
The second fraction, the average chain length of which was 4.5 
nucleotide units, was used as a substrate for pancreatic deoxy- 
ribonuclease. It was conceivable that oligonucleotides ob- 
tained from the digest of deoxyribonucleic acid by deoxyribo- 
nuclease II, when digested with pancreatic deoxyribonuclease 
would yield either a small number of compounds containing 
internucleotide linkages particularly resistant to both enzymes 
or a large variety of compounds that had become resistant to the 
action of deoxyribonuclease I (the second enzyme) by reaching a 
critical chain length rather than by the nature of the adjacent 
bases. The results of the present study favor the second alter- 
native. 


* Supported by Grant No. AT (11-1)293 from the Atomic Energy 
Commission and Grant E-57A from the American Cancer Society. 
A preliminary report has been published (1). Part I of this study 
has been published (2). 

‘The abbreviations of the derivatives of nucleic acids are those 
used by The Journal of Biological Chemistry. However, when 
dealing with fragments of unknown composition, nucleosides are 
represented by capital letters X, }, Z. X signifies the first posi- 
tion in the chain and Z the terminal position. Intermediate 
positions are denoted as Y, ¥’, ¥”, ¥"~.. Symbols Y’ and Y” do 
hot necessarily imply third and fourth positions. Symbols Py 
and Pu denote pyrimidine and purine nucleosides, respectively. 


EXPERIMENTAL PROCEDURE 


DNA was prepared from thymus according to Kay et al. (7). 
It was exhaustively digested by DNase II prepared by the 
previously described method (8) and was chromatographed on a 
Dowex 1-X2 column (9) essentially according to Sinsheimer (10). 
Fractions eluted with 1 M ammonium acetate buffer, pH 4.5, and 
representing short fragments were discarded. Fractions eluted 
with 2 m buffer were then collected, lyophilized free of buffer, 
and used as substrate for the digestion with DNase I. 

Crystalline DNase | was purchased from Worthington Bio- 
chemical Corporation, Freehold, New Jersey. The DNase I 
digest was chromatographed on Dowex 1-X2, at pH 4.5. The 
peaks were identified by the position of emergence from the 
column, by absorption spectra, by ionophoresis (11), and by two- 
dimensional paper chromatography (12). Peaks containing 
more than one component were rechromatographed on Dowex 
1-X2, at pH 5.5. 

Phosphodiesterase was prepared from Bothrops atrox venom? 
by a recently modified procedure (13) and was a gift from Dr. 
Sung. The products of phosphodiesterase degradation were 
separated and identified by two-dimensional paper chromatog- 
raphy (12), eluted, and quantitatively estimated. This proce- 
dure allowed determination of sequences in compounds of the 
type d-XpY and d-p¥*"pZp, and nucleotide composition in 
other identified products. 

For quantitative evaluation, absorbancy units (A270) were 
used. One unit represented absorbancy equal to 1.000, measured 
in a Beckman model DU spectrophotometer at 270 my in a 
cuvette with a l-cm light path. At this wave length the specific 
absorbancy of component mononucleotides does not differ by 
more than 5%. For the purpose of calculations these differences 
were disregarded, and it was assumed that in a compound, e.g. 
XpY, X and pY each contributed half of the absorbancy, and 
similarly in compounds such as XpYp¥’, X, p¥Y, and pY’ each 
contributed one-third of the absorbancy. 


RESULTS 


Substrate—The substrate was prepared as described in ‘‘Exper- 
imental Procedure.” It was composed of oligonucleotides 
heterogeneous with respect to composition and the length of 
chains. It was assumed to be homogeneous with respect to the 
termination of the chains. This assumption is based on identifi- 
cation of mono-, di-, and trinucleotides (5, 14) as being termi- 


2 We are indebted to Dr. K. Slotta for expediting the acquisition 
of the venom from the suppliers in Brazil. 
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nated in 3’-phosphate, and represents the extrapolation of these 
findings to longer chains. The average chain length of this frac- 
tion was approximately 4.5 nucleotide units, by the ratio of 
terminal to total phosphate. 

Conditions of Hydrolysis—The digestion was carried out in the 
presence of 0.025 m MgCl, in 0.1 M Tris buffer, pH 7.0, total 
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Fic. 1. Elution pattern of a DNase I digest of oligonucleotides 
carrying monoesterified phosphate on carbon 3’, chromatographed 
on a Dowex 1-X2 column (20 X 0.9.cem). Elution was carried out 
with ammonium acetate, pH 4.5. Stepwise changes in acetate 
concentration are indicated by arrows along the abscissa. The 
abbreviated names of identified compounds are written above the 
peaks. Compounds in which base sequence was not determined 
are in parentheses. 
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Fic. 2. Continuation of chromatogram shown in Fig. 1 


| TABLE I 
Balance sheet of identified products after first digestion 
by DNase I 
Type of product | Absorbancy A270 
X | 0 | 0 
pY 0 | 0 
XpY 391 | 10.3 
pZp 152 | 4.0 
314 8.3 
XpYpyY’ | 463* 12.2 
p¥*""pZp | 357 T 9.4 
| 
Total identified........... | | 44.2 


| | 
* Only 93.5 units were identified; the remainder was determined 
asagroup. Peaks, which after hydrolysis with phosphodiesterase 
yielded nucleosides and nucleotides in a 1:2 ratio, were considered 
to be of this type. 
+t Does not include pGpGp, which was not determined. 
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Fic. 3. Elution pattern of the last peak from Fig. 2 after the | 


second digestion with an excess of DNase I (see text). The di- 
gestion mixture was chromatographed on a Dowex 1-X2 column 
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¥ 


(20 X 0.9 cm) by stepwise elution with ammonium acetate, pH 


4.5. Labeling as in Fig. 1. 


TABLE II 
Balance sheet of identified products after second digestion 
by DNase I 
Type of product Absorbancy A270 
unils % 

X 0 0 

0 0 

224 30.3 

pZp 52 7.0 

96 13.0 

A\pYpyYy’* 67.5 9.1 

p)™"'pZp 178.5 24.1 
Total identified........... 83.5 


* The individual products were not identified, but were deter- 
mined as a group. 


volume 10 ml, at 37° for 20 hours, with 0.8 mg per ml of DNase | 


I. After digestion the mixture contained 3800 absorbancy units 
measured at 270 mu (Ae = 3800). The mixture was chro- 
matographed on a Dowex 1-X2 column by stepwise elution with 
ammonium acetate, pH 4.5. The results are shown in Figs. | 


and 2. Each heterogeneous peak was rechromatographed at 


pH 5.5 and components were further separated. The balance 
sheet is shown in Table I. The identified components account 


for 44.2% of the total absorbancy units. This figure is derived — 
from the sum of all peaks shown in Fig. 1 and the beginning of — 


Fig. 2 (to 5.4 liters of efluent). The identification of these peaks 


was quantitative at least in regard to the type of compound. In | 


the peaks that follow, only a fraction of the total material was 
identified. The identified compounds were included in the 
calculations (Table I). 

The last peak in Fig. 2, containing 740 absorbancy units (19.5% 
of the total) represented the undigested substrate, since it re- 
quired 2 m buffer for elution. This peak was pooled, lyophilized 
to remove buffer, and digested a second time with 1.4 mg of 


DNase I per ml in a total volume of 5 ml, 0.025 m MgCh, 0.1 
Tris buffer, pH 7.0, and incubating at 37° for 140 hours. The 
digestion mixture was then chromatographed as before, and the — 


results are shown in Fig. 3. In this case the material is quantita- 


tively accounted for up to 3.5 liters of effluent. This time, 
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digestion was almost complete, since only a small amount of 
the material required 2 m buffer for elution. Table II presents 
the balance sheet and shows that 83.5% of the total absorb- 
ancy units of the second digestion (16.3% of original digest) had 
been identified. Thus, of the original substrate, 60.5% has been 
accounted for.’ 

Reaction Products—The most striking finding in both digestions 
with DNase I (Tables I and IT) is the absence of nucleosides (XY) 
and mononucleotides (pY’). The smallest fragment present 
in these digests was mononucleoside 3’ ,5’-diphosphate (pZp). 

This finding may be visualized as follows (for details see ‘Dis- 
cussion’). The substrate had a general formula X(pY),pZp, 
where n is a whole number and varies from 1 to 4. For example, 


consider XipYpY’pY”pZp. The cleavage indicated by the 
arrow occurs since mononucleoside 3’,5’-diphosphates (pZp) 
are present in the digests. However, the imaginable cleavage 
indicated by the dotted line cannot be accomplished by DNase 
I since no nucleosides were found. Similarly, in the case of 


Y”"pZp — XpY + pY’ipY¥”pZp, the cleavage indicated 
by the arrow occurs since dinucleoside monophosphates are pres- 
ent in the digests. However, the imaginable cleavage indicated 
by the dotted line cannot be accomplished by DNase I since no 
mononucleotides (p¥’) were found. The absence of nucleosides 
and mononucleotides in the digest means that the only single 
nucleoside unit that can be detached by DNase I is the terminal 
unit of the chain (pZp). It also means that presence of the mon- 
oesterified phosphate group in position 3’ labilizes the preceding 
internucleotide linkage, whereas the presence of either the hy- 
droxyl group (as in X in the first example), or the monoesterified 
phosphate (as in pY’ in the second example) in position 5’ 
makes the following internucleotide linkage resistant. 

All the identified compounds (Tables I and II) have either two 
nucleoside (e.g. XpY or p¥*"pZp) or two phosphate groups 


(eg. pZp or XpYpY’). The total amount of compounds con- 


taining two phosphate groups is higher (25 and 29%, respec- 
tively) than that of dinucleotides usually found in the DNase | 
digest of DNA (about 17%). However, dinucleotides proper 
account for only 8.3 and 13%, respectively. Both the total 
amounts of identified compounds and the amount of dinucleo- 
tides are higher in the second digestion than in the first. 

The resistance of dinucleotides of the type pY’pY’’ to DNase 
I has been shown previously (2). Tables I and II show that 
compounds of the type d-XpY, d-pY’pY”’, d-pY¥*""pZp, d- 
XpYpY’ are all resistant, regardless of the base composition. 

Tables III and IV summarize the composition of dinucleoside 
monophosphates (d-XpY). These compounds represent the 
beginnings of the chains of substrate [d-X(pY),pZp]. The only 
combination in which M (methyleytidine) was observed was 
MpG. In Table III, M + C account for 51% of all X. The 
only combination of XpY starting with A is that of ApA. The 
occurrence of A in the second position ()’) was 63%. The most 
frequent combination was d-CpA which alone was responsible 
for 29% of the total XpY fraction. Occurrence of both purines 
in position Y was 74%. Contrary to previous observations (4) 


* For the purpose of uniformity in expressing results, the hyper- 
chromic effect occurring during the second digestion with DNase 
I was corrected for by setting the total recovered material = 
740 Avo = 100%. Values in Tables II, IV, and VIII, and in 
“Second digestion’’ of Tables V and VI are reported on this basis. 


TaBLe III 
Identified products of type XpY after first digestion 
(Table I) 
Results are given as absorbancy units at 270 mu. 
pY 
X Sum 
M Cc G 
M 0 0 0 0 14.5 14.5 
C 0 24 41.5 114.5 4.5 184.5 
T 0 4.5 7.5 11.5 10.5 34 
A 0 0 0 58 0 58 
G 0 10 15.5 62 12.5 100 
Sum........ 0 38.5 64.5 246 .0 42 391.0 
TABLE IV 
Identified products of type XpY after second digestion 
(Table II) 
Results are given as absorbancy units at 270 mu. 
pY 
X Sum 
M C T A | G 
M 0 0 0 0 9.5 9.5 
C 0 3.5 14.5 25.5 0 43.5 
T 0 0 9 15.5 15 39.5 
A 0 0 0 ae 64 
G 0 0 1.5 40 16 67.5 
| | 
0 3.5 35.0 130.0 55.5 | 224.0 
TABLE V 
Products of type pY’pY” 
Dinucleotide First digestion Second digestion 
unils Aco units 
pCpC 32 3.5 
(pCpT) 60 11 
(pCpA) 48 5 
(pCpG) 0 6.5 
pTpT 16.5 10.5 
(pTpA) 37.5 14.5 
(pTpG) 43.5 15.5 
pApA 0 19 
(pApG) 66.5 10.5 
pGpG 10 0 
314.0 | 96.0 


on dinucleotides in the digest of DNA, the sequence Pu-pPy 
has now been found among the products. The compounds of 
this type, however, accounted for only 6.5% of the total fraction, 
a value of an order of magnitude (8.3%) similar to that found by 
Sinsheimer (3) for DNA digests. 

The distribution observed in Table IV is of a similar nature 
(e.g. A predominates in position 2), but is much more random. 
This suggests that after considerable digestion, the preferential 
cleavage is masked because of digestion of the more resistant 
linkages as well as some of the more susceptible ones. 

Table V lists the recovered dinucleotides (d-pY¥’pY’’). This 
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type of compound could arise only from the middle part of 


the original substrate (YpYpY’pY¥’’pZp). Contrary to the 
usual pattern of dinucleotides, d-pApA and the isomers d-pCpG 
and d-pGpC were absent in the first digestion; d-pGpG was 
absent in the second. The sequences in dinucleotides have not 
been investigated. 

Table VI lists the terminal nucleoside diphosphates. In the 
first digestion all five were present. The most abundant was 
pTp. The amount of total purine and total pyrimidine deriva- 
tives was about equal. On the assumption that pPu-pPyp is 
particularly susceptible to DNase I, an excess of pyrimidines 
would be expected, particularly in the first digestion. 

In Tables VII and VIII is summarized the composition of di- 
nucleoside triphosphates (d-pY¥™pZp). This type of compound 
could arise only from the end of the original chain (XpY... 


pl"4pZp). Here, too, the sequence pPu-pPyp is present and 


TaBLe VI 
Products of type pZp 


Product First digestion Second digestion 
Aozo units Aozo units 
pMp 5.5 0 
pCp 22.5 7 
pTp 51 15 
pAp 35.5 17 
pGp 37.5 13 
TaABLe VII - 


Identified products of type pY¥""pZp after first digestion 
with DNase I 


Results given as absorbancy at 270 mu. 


pZp | 
| Sum 
C 49.5 | 77 | 
4 16 41.5 | 44 
G 3 oe ? | 57 
| 27.5 | 105.0 | 200 | 24.5 | 357.0 


TaBLeE VIII 


Identified products of type pY¥""'pZp after second digestion 
with DNase I 


Results given as absorbancy at 270 mu. 


pZp 
Sum 
G 
C | 0 25.5 
A 51 81 
G 28 41 
| | 
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(in Table VII) accounts for 17% of the total fraction, the highest — 
In both 
digestions the amount of C in the terminal position was less than | 


percentage encountered so far in any experiment. 


7%. 


DISCUSSION 


The presented results weaken, but do not contradict, the — 
previously advanced suggestion (5) that the linkage pPu-pPy is © 
Whereas this sequence 


preferentially susceptible to DNase I. 
was present among the products of the reaction, the quantities 
found were in agreement with the previous suggestion (5), con. 
siderably lower than expected from a random distribution, 
However, the finding that a critical length of the substrate pre. 


cludes further digestion decreases the relative significance of the | 


adjacent bases. 

Assuming that the substrate was composed of a mixture of 
chains ranging in length from 3 to 6 nucleotides and uni- 
formly terminated in 3’-phosphate, all the following reactions 
could and probably did occur: 


d-XpYpZp — d-Xp¥ + d-pZp 


For a trinucleotide only one cleavage is possible since con- 
pounds of the type Xp¥ are totally resistant to DNase I, regard- 
less of their composition. This finding is in agreement with the 
previous observation (2) that d-ApC and d-ApCp, both of which 
contain the Pu-pPy linkage, are resistant. 
the observations of Khorana (15) who found the next homologue, 
CpApT, resistant to DNase I. 

With a tetranucleotide two possible cleavages exist: 


d-XpY + d-pY’pZp 
d-XpY¥pY’ + d-pZp 


Which of the two alternatives will be favored cannot be said at 
present, but whichever occurs first prevents the occurrence of the 


It also agrees with © 


second, because both types of compounds pY¥’pZp and XpYpY' | 


are already resistant to DNase I. 
With a pentanucleotide two alternatives exist: 
(1) (2) d-XpY + d-pY’pY” + d-pZp 
| 
(3) d-XpYpY’ + d-pY”pZp 

If the first cleavage occurs either at arrow 1 or at arrow 2, the 
second cleavage may follow, since both products would be sus- 
ceptible. If however, the first cleavage occurred at arrow 3, no 


other cleavage could occur, since both types of products are re- 
sistant to DNase I. 


The longest chain that could possibly have been present in the 


substrate used is a hexanucleotide: 
(a) (b’) 
| i | 
XpYpY’pY’pY’”’pZp 


If the cleavage indicated by arrow (a) had occurred, the cleavage 
indicated by arrow (b) may certainly occur, because cleavages 


(a) and (6) will lead to three types of compounds, all of which — 


have been identified in the digest. However, the possibility of a 
cleavage shown by the arrow (b’) is not excluded. Compounds 


of the type pZp have been identified, and the presence of at least . 
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one trinucleotide terminated in 5’-phosphate has been observed 
among the unidentified peaks of Fig. 2. 


XpYpY’pY"pY" “pap 
(d’) (d) (c) 


Similarly, if the first cleavage occurred as indicated by arrow 
(c), the next cleavage may occur at either (d) or (d’). In the 
latter case again a trinucleotide would be formed. However, if 
the first cleavage occurred at either arrow (b) or arrow (d), it 
could be followed only by cleavages (a) and (c), respectively. 

From the available data no definite statement can be made 
concerning the resistance of trinucleotides pY’pY"’pY’’’. The 
tentative identification of one such compound suggests that 
trinucleotides are preferentially resistant to DNase I. Another 
indication of the relative resistance of trinucleotides is a tentative 
identification of a trinucleotide terminated in 3’-phosphate 
(Xp¥pZp) among peaks of Fig. 2. Compounds of this type may 
represent only a part of the substrate that escaped digestion. 
Yet under favorable conditions these compounds are susceptible 
to DNase I. 

The survey of the identified products leads to the conclusion 
that all two-unit fragments (compounds containing two nucleo- 
side residues) and some of the three-unit fragments are totally 
resistant to further hydrolysis by DNase I, regardless of the 
composition of bases. This adds an additional complication in a 
search for the origin of mononucleotides observed in the DNase 
I digests (16, 17). It extends the lists of compounds that cannot 
serve as substrates in the formation of mononucleotides (18). 

If the two-unit fragment is an ultimate product of the action of 
DNase I on DNA, it may be hypothesized that an apparent end 
point observed with DNase I is caused by product inhibition. 


This assumption indeed is supported by the fact that part of the ‘ 


substrate remaining after the first digestion by DNase I and 
requiring 2 M buffer for elution (last peak, Fig. 2) serves as a 
substrate for further digestion by the same enzyme when an 
excess of enzyme is present and products of the previous digestion 
have been removed. 

If one assumes that distributions observed in the identified 
portions of the substrate represent a general pattern, one might 
allow some speculations on specificity of DNase II. The original 
substrate represents the result of action of DNase II on thymus 
DNA, in which the distribution of bases is not very far from 
random (19). From the available data it is possible to estimate 
frequencies of the four bases (M and C grouped together) at 
the beginning of original chains (represented by X in Tables 
III and IV) as well as at the end of the chains (Table VI and 
position pZp in Tables VII and VIII). From Table III it is 
evident that C and G occur much more frequently at the begin- 
ning of the chain than A and T. In Table IV the distribution of 
bases in the first position is more random. However, the summa- 
tion of all identified products occupying the first position (half 
of the values recorded in Tables III and IV) leads to the following 
set of figures: C + M = 126, T = 37, A = 61,G = 84, in which 
predominance of C and G remains. The most favored beginning 
of the chain is C, and the least favored is T. The other end of 
the chain, resulting from the DNase II digest, is represented by 
the sum of frequencies shown in Table VI and half of the values 
shown for the last unit in Tables VII and VIII. Upon addition, 


the following set of figures is obtained: C + M = 54, T = 127, 
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A = 181,G = 110, indicating that A and T predominate. The 
most favored ending of a chain is Ap, and the most unfavored is 
Cp. The predominance of A and T is particularly pronounced 
in Table VII. It does appear, therefore, that DNase II pref- 
erentially cleaves between Ap or Tp and C or G, rather than be- 
tween Pyp and Pu as originally postulated (5). A particularly 
favored cleavage appears to be between Ap (the predominating 
terminal) and C (the predominating beginning of chain), and 
a particularly unfavored cleavage between Cp and T. 

Recently Dekker et al. (20-23) suggested that micrococcal 
nuclease (24), which also forms 3’-monoesters (18), shows the 
“AT preference.”’ Independently, Pochon and Privat de Ga- 
rilhe (25) concluded that the micrococcal enzyme preferentially 
cleaves Xp—Tp bonds. The similarity to splenic DNase II, 
however, appears to end here, since for micrococcal nuclease the 
chemical nature of X has not been considered, whereas for DNase 
II preference toward Ap-C and discrimination against Cp-T ap- 
pear to be equally dependent on the nature of both adjacent 
bases. 


SUMMARY 


When the oligonucleotides obtained by the digestion of deoxy- 
ribonucleic acid by splenic deoxyribonuclease are subjected to 
digestion by pancreatic deoxyribonuclease, neither nucleosides 
nor mononucleotides are among the products, but mononucleo- 
side 3’,5’-diphosphates are present. This suggests that mono- 
esterified phosphate in position 3’ labilizes the preceding inter- 
nucleotide linkage while monoesterified phosphate or free 
hydroxy] in position 5’ makes the following linkage resistant. 
The predominant products are dinucleotides and their derivatives, 
suggesting that they represent the ultimate product of the re- 
action. Increased hydrolysis can be achieved both by removal 
of products and increased enzyme concentration. 
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Treatment of the virulent bacterial virus T2 with urea yields 
products still capable of infecting sensitive bacterial hosts (1). 
However, further treatment of the infectious material with tryp- 
sin results in a complete loss of infectivity (2), so that it would 
appear that some protein component of the original virus particle 
is required for infection. Since virulent T2 possesses a protein 
coat capable of producing profound changes leading to lysis in 
the host cell, it was of interest to examine the phenomenon of 
infection with the temperate virus \ in which the protein com- 
ponent 1s nonlethal (3-6). 

It has now been found that after exposure to urea both T2 
and \ yield material infectious for protoplasts and intact cells. 
With the use of the phenol method of Schramm (7) it has been 
possible to prepare deoxyribonucleic acid from ) virus which is 
infectious for protoplasts. Similar preparations from T2, as 
reported earlier by Spizizen (8), are devoid of infectivity. 

Since the only previously described preparation of infectious 
DNA from bacterial viruses has been from virus ¢X 174 (9), 
in which the DNA is single stranded (10), it was desirable to 
ascertain whether a similar configuration should be assigned to 
the DNA of \. However, base analysis of purified \ (prepared 
by an improved method) (11), as well as the study of the effect 
of formaldehyde on A-virus and \-DNA, indicates that the viral 
DNA has the conventional double stranded configuration. 


EXPERIMENTAL PROCEDURE 


Preparation of \-DN A—One milliliter of a \ preparation (11), 
containing 8 x 10 infectious particles per ml, was diluted with 
6 volumes of 0.067 m Tris buffer (12). The protein was then 
extracted with phenol (7), giving DNA preparations containing 
about 35 wg of P per ml. The A-DNA preparation so obtained 
could be further purified by density-gradient centrifugation in 
CsCl solution (13). Specifically, 1 ml of the A-DNA preparation 
was added to 4 ml of 0.067 m Tris buffer containing 1 g of CsCl 
per ml. The sample was then centrifuged at 37,000 r.p.m. in a 
Spinco swinging bucket rotor for 72 hours and the DNA band 
removed by cutting the centrifuge tube into appropriate sections. 
All DNA preparations were found to be stable at 4° for at least 
3 days, but a slow loss of infectivity was observed during storage 
for longer periods of time. 

Protoplasts—Escherichia colt W-1485 (sensitive to both \ and 
T2) was grown to a concentration of 5 X 108 cells per ml in 20 
ml of Fraser’s medium (14) and diluted with 6 volumes of distilled 
water. The cells were washed in Tris buffer containing sucrose 
(14) and resuspended in 10 ml of the buffer containing 2% bovine 


* Aided by grants from the Dr. Wallace C. and Clara A. Abbott 
Memorial Fund of the University of Chicago, the National Foun- 
dation, and the John A. Hartford Foundation, Inc. 


serum albumin. To the cells were added 0.1 ml. of a solution of 
lysozyme (1 g per 100 ml), and after 2 minutes, 0.5 ml of a 
solution of Versene (4 g per 100 ml). The mixture was then 
incubated for 8 minutes at 37°. 

Analysis of \-DNA—Samples of a X preparation (0.5 ml), 
assaying 4 X 10” infectious units per ml, were analyzed for their 
purine-pyrimidine base content by the method of Hershey (15). 
The ultraviolet absorption spectrum of the \-DNA and intact r, 
incubated with formaldehyde, was measured according to the 
procedure of Sinsheimer (10). 

Preparation of Urea-inactivated Phage—Preparations assaying 
1 X 10" T2 particles or 1 K 10" X particles per ml were treated 
with urea according to the procedure of Fraser (1). In the case 
of A, the urea was removed by dialysis against 0.01 m Tris! 
buffer instead of 0.1 m NaCl. 


RESULTS 


Infection with \-DNA—X-DNA prepared by the phenol 
technique was capable of infecting protoplasts prepared as de- 
scribed. Ina typical experiment, 0.5 ml of protoplasts was added 
to 4.0 ml of a solution consisting of Fraser medium, diluted with 
6 volumes of distilled water, and supplemented with 0.5 m 
sucrose and 2% bovine serum albumin. After incubation of 
this mixture for 15 minutes with aeration at 37°, 0.1 ml of - 
DNA was added and the incubation continued for 60 additional 
minutes. Aliquots were plated on EF. coli W-1485 (12) at suitable 
dilutions. With an input of DNA corresponding to a phage 
titer of | * 10" infective units per ml, about 1.2 « 105 infective 
units per ml were found to be present in the incubation mixture. 
The relative infectivity of these preparations is within the range 
reported for RNA preparations from animal viruses (16). 

It was found that the degree of infectivity depended on the 
concentration of the Fraser medium in which the protoplasts and 
DNA were allowed to interact. As can be seen from Fig. 1, 
a sevenfold dilution of \-DNA was optimal and produced the 
highest number of infective centers. To see whether this dilu- 
tion effect was due to a particular component of the medium, 
experiments were carried out with a series of diluted media in 
which the concentration of one constituent only was restored 
to its original level. With the casamino acids, gelatin, NH,Cl, 
glycerol, and CaCl, a diminution of infectivity was observed, 
whereas with NaCl, KCl, KH2PO., NasHPO,, and MgSO,, all 
infectivity was destroyed. 

Removal of protein by the phenol technique has been shown 
to be highly efficient in a number of instances (7, 10), and it was 
therefore concluded that only the DNA of \ was responsible for 


1 That is, 0.067 m Tris buffer (12) diluted with 6 volumes of 
distilled water. 
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TABLE I 
Summary of comparative behavior of T2 and X 

Preparation | colt 


| 


+1 +4 


* Svmbols: +, infectious; —, not infectious. 


wn 


NUMBER OF INFECTIVE CENTERS 
PER ML OF INCUBATION MIXTURE XI0> 


A rt i i i 
DILUTION OF FRASER MEDIUM 
VOL MEDIUM: VOL DISTILLED WATER 


Fic. 1. Efficiency of infection of W-1485 protoplasts with \- 


DNA in relation to the concentration of Fraser medium in the 
incubation mixture. 


TABLE II 
Base composition of \-DNA : 
The values given represent the average of three independent 
determinations. 


Base d Temperate 

moles /100 ml 


these infections. This was further supported by the facts that 
E. coli W-1485 protoplasts were not infected by intact A, and 
that phenol-prepared A-DNA did not infect intact EH. coli W- 
1485. Both findings clearly showed that the observed infectivity 
cannot be due to the presence of a small number of intact virus 
particles which escaped the action of the phenol. Since A-DNA, 
further purified by the CsCl density-gradient technique, was 
concentrated in that region of the gradient typical for nucleic 
acid and showed no loss of infectious activity, it is unlikely that 
the observed infectivity was due merely to the activity of slightly 
altered virus. The fact that \-DNA preparations, preincubated 
with 10 wg of trypsin? per ml in 0.067 m Tris buffer pH 8.0 for 
30 minutes at 37°, exhibited no loss of infectivity also indicated 
that the active principle in these preparations was DNA and 
excluded the possibility that the infectivity was due to slightly 


Corporation twice crystallized 


2 Worthington Biochemical 
trypsin. 


HEATED A-DNA 


_ OPTICAL DENSITY 
' 


T 


250 300 
WAVELENGTH my 

Fic. 2. Interaction of normal A-DNA and A-DNA heated at 98° 


for 10 minutes with 1.8% formaldehyde at 37° for various time 
periods: ---, 0 minutes; — ——, 30 minutes; , 300 minutes. 


210 


WAVELENGTH my 


altered virus particles. If, however, the preparation was in- 
cubated with 0.01 ug of DNase* per ml in 0.067 m Tris buffer 
pH 7.0 for 30 minutes at 37°, all infectivity was destroyed. This 
is in marked contrast to the sensitivity of urea-treated T2 to 
these enzymes as reported by Fraser (2), in whose study 0.01 
ug of DNase per ml had no effect on the infectivity and as little 
as 0.0005 ug of trypsin per ml completely removed all activity. 
In assaying it was necessary to dilute the DNA-trypsin and DNA- 
DNase mixtures 1000-fold in order to prevent the enzymes 
from attacking the protoplasts (17, 18). 

When 0.5 ml of T2 or \ (1 X 10" infectious units per ml) 
treated with urea were allowed to interact with FE. coli W-1485 
protoplasts under those conditions described for infection with 
A-DNA, both urea-treated T2 and urea-treated X were infec- 
tious. If the transformation of the bacteria into protoplasts 
was prevented by omitting those stages involving Versene and 
lysozyme, infection still occurred, although to a lesser degree.! 
However, only the DNA of \ but not the T2 DNA® preparation 
was infectious against protoplasts. 

Structure and Composition of \-DN A—Virai nucleic acid has 
been shown to be solely responsible for virus replication in a 
large number of cases. However, with bacterial viruses only 
one convincing instance has been reported, namely that with 
@X174 (9). The DNA of this virus is characterized by its 
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single stranded nature and base ratios which do not meet the — 


requirements of the Watson-Crick model. Since the previously 
reported analysis of the base composition of A-DNA (19) de- 
viated from the usual adenine-thymine and guanine-cytosine 
complementarity, it was of interest to examine the structure and 
composition of the A-DNA. The results obtained by analyzing 
the base composition of purified A-DNA are shown in Table II 


Nutritional Biochemicals Corporation once crystallized 
DNase. 

4 It should be noted that urea-treated T2 could also infect the 
resistant E. coli strain B/2 and protoplasts prepared from these 


bacteria (11). 


’ The failure of T2 DNA to infect protoplasts was not restricted 


to E. coli W-1485, since protoplasts of E. coli B could not be in- 
fected. 
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and were in agreement with the requirements resulting from the 
Watson-Crick model for a double stranded DNA. The evidence 
that A-DNA does indeed have a double stranded structure is 
presented in Fig. 2. As can be seen from the curve, the A-DNA 
did not show the shift, characteristic of single stranded material, 
of its absorption maximum toward the longer wave lengths on 
reaction with formaldehyde. However, if the A-DNA was first 
heat-denatured, then the typical shift characteristic for single 
stranded DNA could be observed. 


DISCUSSION 


These results support the conclusion that DNA preparations 
isolated from A bacteriophage by phenol are capable of infecting 
protoplasts of a suitable host. The purification of these prep- 
arations with CsCl, their sensitivity to DNase treatment, and 
the inability of trypsin to destroy infectivity strongly suggest that 
the active principle is DNA and that protein, even if present in 
trace amounts, is not required for infectivity. 

The base analysis of the A-DNA and its ultraviolet spectrum 
after interaction with formaldehyde indicate that the molecule 
exists in a double stranded form. 

The failure of T2 DNA to be infective is in marked contrast to 
\-DNA and suggests that infection by this phage may require 
the participation of a protein component. This is supported by 
the fact that T2 treated with urea is rapidly inactivated by the 
action of trypsin (2), still contains an active lysozyme-type 
enzyme known to be present in the tail, and is still active after 
urea treatment (51). 


SUMMARY 


T2 and » bacteriophage, after treatment with urea, yield 
nfectious material for protoplasts and intact bacterial host cells. 


After treatment with phenol, \ bacteriophage yields material, 
presumably deoxyribonucleic acid, which is infectious for proto- 
plasts but not for intact bacterial host cells. 

Examination of the composition and structure of \-deoxyri- 
bonucleic acid indicates that it has the conventional double 
stranded configuration. 
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As a part of a program of studies aiming at the development 
of methods for the end group and sequential analysis of poly- 
nucleotides (1), we have been investigating the properties and 
mode of action of certain phosphodiesterases. Studies of this 
kind have been facilitated by the availability of a variety of 
substrates and, in particular, synthetic oligonucleotides of 
known size and structure (2). In previous publications, de- 
tailed studies on the venom phosphodiesterase were reported 
(3, 4) and it was established that this enzyme, if given a 3’- 
hydroxyl group at the end of a polynucleotide chain, acted step- 
wise from that end and caused the successive release of nucleoside 
5’-phosphate units. As these studies were continued, attention 
was turned to the spleen phosphodiesterase (5), an enzyme 
which has already proved very useful in structural studies of 
the nucleic acids (6-8). Heppel et al. (9-11) have shown that 
the enzyme attacks phosphodiester bonds to release nucleoside 
3’-phosphate units. Our studies on this enzyme have now shown 
that the action on oligonucleotide chains is stepwise and that it 
begins from the end of the chain bearing a 5’-hydroxyl group, 
this general mode of action being complementary to that of the 
venom phosphodiesterase. A distinctive feature of the spleen 
phosphodiesterase, however, is the tendency of the enzyme to 
catalyze transfer reactions (12, 13) which can lead to the forma- 
tion of higher homologues (or oligonucleotides) as intermediates 
during the degradation. The present paper contains a detailed 
report of the experiments on the kinetic studies of the action of 
the spleen phosphodiesterase on a number of synthetic oligonu- 
cleotides and describes some general properties of this enzyme. 
Brief reports of a part of this work have already appeared (1, 


14-17). 


EXPERIMENTAL PROCEDURE 


Substrates—Compounds synthesized in this laboratory include: 
nitrophenyl-pT (3),! Tp-nitrophenyl (18), cyclo-pTpTpT’, pTpT, 


* This work has been supported by grants from the National 
Cancer Institute of the National Institutes of Health, United 
States Public Health Service, and by the Jane Coffin Childs Me- 
morial Fund for Medical Research. 

+t Present address, Syntex Institute for Molecular Biology, Palo 
Alto, California. 

t Present address, Institute for Enzyme Research, University 
of Wisconsin, Madison 5, Wisconsin. 

1 The abbreviations used are: nitrophenyl-pT, p-nitrophenyl 
ester of thymidine 5’-phosphate; Tp-nitrophenyl, p-nitrophenyl 
ester of thymidine 3’-phosphate; cyclo-pTpTpT, thymidine tri- 
nucleotide in which the terminal phosphomonoester group and the 


pTpTpT, and higher homologues (19, 20), d-pTpTpC (20) and 
d-pCpC, d-pCpCpC, and higher homologues (21). The cor. 
responding series of oligonucleotides lacking terminal phospho. 
monoester groups (¢.g. TpTpT and d-CpCpC) were prepared by 
incubation of the above compounds with prostate phosphomono- 
esterase (22) or with alkaline phosphomonoesterase from 
Escherichia coli? (23), as described elsewhere (20). The de- 
phosphorylated products were isolated by paper chromatography 
in the solvent isopropyl alcohol-concentrated ammonia-water 
(7:1:2, volume for volume) (Solvent A) or in the solvent n- 
propyl alcohol-concentrated ammonia-water (55:10:35, volume 
for volume). 

RNA ‘core’? was prepared as previously described (10), 
Polyadenylic acid was prepared with polynucleotide phosphoryl- 
ase (24). Ribooligonucleotides of the type ApUp were made 
by digestion of adenylic-uridylic polymer* with pancreatic 
ribonuclease, followed by paper chromatography in Solvent A 
(25). ApA and ApApA were made by enzymic removal of the 
5’-phosphomonoester end groups’ of pApA and pApdApaA (7, 
17, 26). 

Enzyme Assays. (a) Spectrophotometric Assay—Previous re- 
ports from this laboratory have shown the usefulness of p-nitro- 
phenylesters of nucleoside 5’-phosphates for the study of venom 
phosphodiesterase (3, 16,17). Inasmuch as the spleen phospho- 
diesterase has already been shown to hydrolyze alkyl esters of 
ribonucleoside 3’-phosphates (9, 10) the use of Tp-nitropheny] as 
a substrate for spectrophotometric assay of the spleen phospho- 
diesterase was investigated. As shown below, this substrate is 
hydrolyzed about as rapidly as deoxyribooligonucleotides bearing 
3’-phosphate end groups and is therefore a convenient and 
satisfactory substrate. In routine assays of the enzyme, hy- 
drolysis was carried out in small test tubes containing 1.20 
umoles (with an Emax of 15,400 at 267 my (18) of Tp-nitropheny! 
(ammonium salt), 50 wmoles of ammonium succinate, pH 59 
(or ammonium acetate, pH 5.7); 0.20 umole of EDTA; 0.01 ml 
of 1% Tween 80; and enzyme in a volume of 0.30 ml. The 
mixture, without enzyme, was preincubated for 2 minutes ina 
water bath at 37°, enzyme added, and 0.05 ml aliquots trans- 


hydroxyl group at the other end are involved in a phosphodiester 
linkage; EDTA, ethylenediaminetetraacetic acid. 

2? Sample kindly provided by Dr. L. A. Heppel. 

3 We are very grateful to Dr. L. A. Heppel and Dr. M. Singer 
for a supply of A. vinelandii cells and for advice on the purification 
of polynucleotide phosphorylase therefrom. 

4 Atlas Powder Company, Wilmington, Delaware. 
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ferred to 1.0 ml of 0.10 m NaOH at intervals, and mixed. The 
optical density (O.D.) of the resulting solution was measured in 
a spectrophotometer (1.0-cm light path at 400 my). If we 
assume aN Emax for p-nitrophenol of 12,000, an increase of 0.20 
(.D. units under these conditions corresponds to the hydrolysis 
of 0.10 umole of substrate in the original mixture. Specific 
activity is defined as the micromoles of substrate hydrolyzed 
per milligram of protein in the original mixture in 1 hour. 

(b) Paper Chromatography—Kinetic studies of the hydrolysis 


| of oligonucleotides and separation of all the intermediates formed 
_ were carried out by paper chromatography in one or two solvents 


or by a combination of paper chromatography and paper elec- 
trophoresis. ‘The assay mixtures were as described above under 


“Spectrophotometric Assay ;”’ however, ammonium acetate buffer 


was used in order to minimize interference during paper chroma- 


tography. Aliquots of 70 wl were removed at intervals, the 


reaction stopped with 5 yl of glacial acetic acid, and the solution 
applied to a sheet of Whatman No. 3MM or No. 40 paper. 
(The latter is preferred for experiments involving rechroma- 
tography of eluted spots.) Initial chromatography was per- 
formed in Solvent A (see above) by the descending technique at 
room temperature. This system resolves thymidine (R, 0.65), 
Tp (Rr 0.15), TpT (Re 0.34), TpTpTpT (Re 0.11), and higher 
homologues, but without a prolonged run, will not completely 
separate Tp from TpTpT (Rr 0.20). Similarly, d-Cp (Rr 0.12) 
eparates from d-CpC (Rr 0.31) and d-CpCpCpC (Rr relative 
to Tp 0.36), but not from d-CpCpC (Rr 0.12). Rechromatog- 
raphy of spots consisting of mixtures was performed in n-bu- 
tanol-glacial acetic acid-water, (5:2:3, volume for volume for 
volume) (Solvent B). Although this system will not resolve Tp 
(Rr 0.30) from TpT (Rr 0.32), it separates Tp and TpTpT 
(Rp 0.20). Similarly, d-Cp (Rr 0.26) may be separated from 
d-CpCpC (Rr 0.13) and d-CpCpCpC (Rr 0.069). Spots were 
located by observation under ultraviolet light. For estimation, 
the spots were cut out and eluted with 0.01 n HCl at room 
temperature for 48 hours. 

Enzyme Preparations—lInitial experiments (14) with a less 
purified preparation (10) were followed by studies with a further 
purified preparation made according to Hilmoe (27).° The 
enzyme preparation used in the present work was made by 
following Hilmoe’s procedure with the additional step described 
blow. A concentration of 0.001% Tween 80 was maintained 
in this as well as the two previous steps (Hilmoe’s Steps 6 and 7). 
To 25 ml of the undialyzed 0.01 m pyrophosphate eluate prepared 
according to Hilmoe, was added m potassium acetate, pH 5.2, 
until the pH fell to 5.75. The solution was stirred in ice and 
437 ml of calcium phosphate gel (28), 20 mg dry wt per ml, 
were added dropwise. This mixture was stirred for 10 minutes; 
the gel was recovered by centrifugation, and washed with 10 
nl of 0.02 mM potassium phosphate, pH 6.0. The enzyme was 
eluted with 10 ml of 0.95 M ammonium sulfate in 0.04 M potassium 
phosphate, pH 7.2. The preparation was stored, undialyzed, 
at 2°. This step has routinely given a 4-fold purification and 
85% yield. The over-all purification from the acetone powder 
extract (27) depends on the degrees of success at the different 
steps but is about 240-fold, yielding specific activities (Assay 1) 
rom 995 to 2040. 

Attempts to purify the enzyme further, by chromatography 
om diethylaminoethyl cellulose, Dowex 50 (2% cross-linked), 


‘Dr. Hilmoe kindly made available his procedure before it was 
published. 
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or Dowex 1 (2% cross-linked) resufted in losses of activity. The 
preparations used with these columns were stable in the buffers 
used; therefore, losses have been ascribed to surface or chemical 
denaturation on the solid phase. During these attempts, 
addition of a boiled extract of the acetone fraction (Hilmoe’s 
Step 6 (27)) was found to activate the eluates from columns and 
the preparation recovered from calcium phosphate. The boiled 
extract could be replaced by various albumens and Tween 80. 

The preparation recovered from calcium phosphate gel loses 
14% of its activity when dialyzed for 4 hours at 2° against 0.01 
M ammonium acetate, pH 5.9, a further 53% when frozen and 
thawed, and 60% in 1 year at 2°. Although the further purifi- 
cation afforded by the calcium phosphate gel step appears to 
render the enzyme more labile, it has not resulted in any ob- 
servable change in substrate specificity. 


RESULTS 


Substrate Specificity—The assay of the enzyme preparation at 
a specific activity of 2040 with Tp-nitrophenyl was linear with 
time up to 10 minutes, linear to an O.D. of 0.5, and linear with 
enzyme concentration from 1.1 to 4.4 ug in the 0.3 ml incubation 
mixture. 

The V,, and K,, with Tp-nitrophenyl were 3020 umoles per 
hour per mg of protein and 3.0 < 10-*M, respectively. 

Some effects of pH and ionic strength on the activity of the 
enzyme under assay conditions are shown in Fig. 1. Acetate 
and succinate buffers yielded similar results below pH 6.0. A 
number of salt effects has been recorded by Hilmoe (27). The 
strong inhibition by copper ions has been confirmed, and in 
addition a 50% inhibition of the enzyme by 2.0 m urea has been 
observed. 

In order to establish the identity of the enzyme hydrolyzing 
Tp-nitrophenyl and RNA “core,” rates of hydrolysis of these 
substrates were compared at early and late stages of enzyme 
purification. The data in Table I show a parallel increase in 
the activity against both substrates on purification, apart from 
the slightly higher activity of the acetate extract on “core,” 
which may be ascribed to other diesterases incapable of cleaving 
Tp-nitrophenyl! (17). 

Estimates of the rates of hydrolysis of a number of phospho- 
diesters were obtained by chromatography, and are shown in 
Table II. In the case of the compounds containing more than 
one phosphodiester bond, the rates given are as measured by 
release of the mononucleotide during initial stages of the hy- 
drolysis of the original substrate, when the major products were 
the mononucleotide and the immediately lower homologue. It 
has been established in a number of experiments that members 


pH 5-9 
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MOLARITY, SUCCINATE 


UMOLES/ HR. /ML, ENZYME 


Fic. 1. Effects of buffer concentrations and pH on the activity 
of spleen phosphodiesterase toward Tp-nitrophenyl. Conditions 
of assay as described in ‘‘Experimental Procedures.”’ 
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TABLE I 
Relative rates of hydrolysis of RNA ‘‘core’’ and T p-nitrophenyl 


B. Rate on 
A. Rate on 
Fract 19 Tp-nitropheny] Ratio 
core’’ (27) ssay 

units/ml pmoles/ml/hr B/A 
Acetate extract of ace- 

tone powder (Step 2)... 3 73 24.4 

Alumina eluate (Step 6).. 17.3 470 27.2 

TaBLe II 


Rates of hydrolysis of various compounds 
The assay systems used are as described in ‘‘Experimental 
Procedures,’’ with the exception of polyadenylic acid (36 O.D. 
units at 260 mu). Times of incubation were restricted to the 
initial stages of the hydrolysis of the original substrate. 


Compound Rate 
pmoles/hr/mg protein 


* If we assume the molecular weight of polyadenylic acid to be 
about 50,000, the observed rate is of the same order as those found 
for the compounds above when allowance is made for the decrease 

n rate due to the lower molar substrate concentration. 


TaBLeE III 
Kinetic study of hydrolysis of d-CpCpC® 

Separate, identical reaction mixtures were set up for each time 
interval as follows: 6.7 O.D. units (0.17 umole) of d-CpCpC, 0.2 
ug of diesterase, 7.3 wzmoles of ammonium acetate, pH 5.7, 30 ug of 
Tween 80, and 0.029 umole of EDTA in 0.07 ml. Chromatography 
took place in Solvent A for 24 hours. Spots corresponding to 
d-CpCpC + d-Cp in Solvent A were eluted, concentrated, and 
rerun for 2 days in Solvent B. The numbers in the different 
columns are total O.D. units of different compounds at 280 mu 
in 0.01 N hydrochloric acid. 


| Compound 
Time | 

| d-CpCpC| d-Cp | d-C Totals 
min 
10 0.30 3.9 0.52 0.8 0 5.5 
20 0.42 3.3 0.72 0.10 5.7 
40 | 0.44 | 2.8 0.84 1.3 0.27 5.6 
80 | 0.42 | 1.9 1.5 1.5 0.42 5.7 
110* | ..47 | 428 1.9 1.6 0.72 5.7 
1107 | 0.29 | 0.50 2.8 0.90 ee 5.7 


* Diesterase, 0.4 ug. 
+t Diesterase, 0.8 ug. 
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of a homologous series of deoxyribooligonucleotides (e.g. TpT,. : 
TpTpT, d-CpC, d-CpCpC) are attacked at the same rate. This _ 

made possible the study of the mode of action of the enzyme op ‘ 
higher oligonucleotides. : 


It is noteworthy that the presence of a 3’-phosphate en _ 
group does not lead to a faster rate of hydrolysis by this phos. — 
phodiesterase, whereas the venom enzyme is much more actiye _ 


on oligonucleotides which bear 5’-phosphate end groups than | 
on those without (3). Another point of contrast between the | 
two enzymes is the slightly lower rate of hydrolysis of Tp. _ 
nitrophenyl than of thymidine oligonucleotides by the spleey 
enzyme compared to the greater activity of the venom phos. 
phodiesterase against nitrophenyl-pT than against the oligo. 
nucleotides (3, 4). 

In the case of venom phosphodiesterase, studies of the jp. 
hibition of the hydrolysis of nitrophenyl-pT by various oligo. 
nucleotides provided useful information on the relative affinities 
of the enzyme for members of a homologous series of compounds, 
Corresponding studies with the spleen phosphodiesterase ip. 
volving competitive inhibition of Tp-nitrophenyl hydrolysis by 
oligonucleotides were not carried out because of inhibition of 
the enzyme by Tp alone. 


Stepwise Degradation of Oligonucleotides from End of 
Chain Bearing 5'-Hydroxyl Group 


Degradation of d-CpCpC and d-CpCpCpC—tThe results of the 
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kinetic study of the action of the diesterase on d-CpCpC and 

d-CpCpCpC are shown in Tables III and IV, respectively. 
Attention has been focused especially on the early stages of — 
degradation. The formation and sequential increases in the 
concentration of the expected lower homologues and the ap- 
pearance of d-C only subsequent to the appreciable formation of 


d-CpC all are consistent with the stepwise action of the enzyme. 
The mononucleotide that accumulates during the degradation — 
of these homologous compounds has been shown conclusively — 
(21) to be d-Cp. The total results of the kinetic study and the — 
products formed show that the stepwise action occurs from the — 
end of the chain bearing the free 5’-hydroxyl group. In both 
experiments, the formation of a new product (‘‘Unidentified” 
in Tables III and IV) was noted. From their chromatographic 
behavior and the evidence presented below, they are very prob- 
ably the higher homologues, d-CpCpCpC in the d-CpCpC 
experiment and d-CpCpCpCpC in the d-CpCpCpC experiment. 
These arise by the transfer of a nucleoside 3’-phosphory! group 
to the 5’-hydroxyl group of the initial substrate. 

Degradation of TpTpTpTpT and TpTpTpT—As briefly re- 
ported earlier (14), the hydrolysis of this substrate as examined 


by paper chromatography is stepwise. The nomonucleotide — 
that accumulates is Tp, and thymidine appears only towards | 
the end of the degradation. Because of the very low Rr values 
of TpTpTpTpT itself and of any higher homologues together © 
with the usual presence of some fluorescence on the chromato- 
grams at and near the origin, the formation of any higher homo- 
logues (e.g. TpTpTpTpTpT) was not suspected at that time, 
but it now seems likely that a small amount of the higher homo- 
logue resulting from the transfer reaction was also present. A 
further experiment with TpTpTpT, in which the intermediate 
products were separated by paper chromatography in Solvent A 
in one dimension followed by paper electrophoresis in M acetic 


acid in the second dimension (Fig. 2) showed the presence, in 
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TABLE IV 
Hydrolysis of d-CpCpCpC® 


System is as in Table III, except that 9.0 O.D. units (0.175 
umole) of d-CpCpCpC were used. Data is in O.D. units at 270 


Compound 
Time : 
Unidenti | | cpcpc | | | | Total 
min 
4 0.38 8.5 0.74 0.33 0 0 9.9 
9 0.49 7.5 0.81 0.54 0.15 | 0 9.5 
14 0.63 7.0 1.1 0.78 0.44 | 0.06 | 10.0 
52 0.72 4.9 2.0 1.3 0.71 | 0.15) 9.8 
SOLVENT A 
TpT 
6) ty 
TpTpt 
Tp Tplptpt 
xX 
+ 
ELECTROP | 
Fic. 2. Products from the hydrolysis of TpTpTpT.* Svstem 


is as in Table III, except that 6.7 O.D. units (0.175 umole) of 
TpTpTpT were used. Incubation was for 10 minutes at 37°. 
The material was first chromatographed and then subjected to 
electrophoresis. Numbers within the spots show O.D. at 267 my 


addition to the expected lower homologues, of a product (marked 
“X”), presumably the higher homologue TpTpTpTpT. The 
impression, however, has been gained that the transfer reactions 
are less marked in the thymidine oligonucleotide series than in 
the corresponding deoxycytidine compounds. 

In the ribooligonucleotide series, evidence of the formation of 
intermediates was also obtained. An example is the study of 
ApApA, the results of which are in Table V. 

Degradation of d-TpTpC—The usefulness of oligonucleotides 


* As a result of storage, the specific activity of the preparation 
used had dropped to 980 (Assay 1). 
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bearing distinguishing end nucleoside units was demonstrated 
previously in the study of the mode of action of venom phos- 
phodiesterase (4, 15). In the present work, further evidence 
for the stepwise action of the spleen phosphodiesterase from the 
end bearing the 5’-hydroxyl group was obtained by a kinetic 
study of the degradation of d-TpTpC. The lower homologue 
to be expected would be d-TpC. The alternative posibility of 
attack at the “internal”? phosphodiesterase bond would lead to 
the formation of TpT. The results of the stepwise degradation 
of d-TpTpC are shown in Table VI. Whereas the formation of 
the new product arising from the transfer reaction was noted, 
the lower homologue from the starting material was shown to be 
exclusively d-TpC by paper electrophoresis in M acetic acid. 
Within the limits of this technique, no TpT could be detected. 
(At the acidic pH, d-TpC has zero mobility on paper electro- 
phoresis and is therefore readily distinguished from TpT.) 

Transfer (Synthetic) Reactions Catalyzed by Spleen Diesterase— 
Paper chromatography in Solvent B of the compounds designated 
‘“‘Unidentified” in Tables III to VI, served to remove the fluo- 
rescent material present in the same regions on initial chromatog- 
raphy in Solvent A, and comparison with appropriate markers 
showed them to correspond to the higher homologues: d-CpCpCpC 
from d-CpCpC (Table III), d-CpCpCpCpC from d-CpCpCpC 
(Table IV), and d-TpTpTpC from d-TpTpC (Table VI). The 
transfer or synthetic reactions are similar to those described 
previously (12, 13) for this enzyme. 

Further evidence for the occurrence of the synthetic reaction 
was obtained by incubation of the simplest substrate, TpT, with 
the enzyme. A much higher concentration of the substrate 


TABLE V 
Hydrolysis of ApApA 


System is as in ‘‘Experimental Procedures’’ (Chromatography), 
with 1.2 uymoles (17.5 O.D. units at 259 mu) of ApApA. Chroma- 


tography was performed in Solvent A for 40 hours. Data is in 
O.D. units at 259 my. 
Compound 
Time 
ApApA ApA Ap Total 
min 
3 3.6 0.32 0.19 4.1 
1 2.9 0.76 0.39 4.1 
2 2.4 1.05 0.52 4.0 
Rr 0.15 0.18 0.085 
TABLE VI 


Hydrolysis of d-T pT pC® 
System is as in Table III, with 5.2 O.D. units (about 0.175 
umole) of d-TpTpC. Data is in O.D. units at 267 mu. 


Compound 
Time 
Unidentified | d-TpTpC* d-TpC Tp d-C Total 
min 
10 0.54 4.0 0.84 0.56 0 5.9 
16 0.72 3.1 1.0 0.80 0.15 5.8 
25 0.86 2.1 1.6 0.91 0.22 5.7 


* Separated from Tp by chromatography in Solvent 
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Thymidine 


TpT 
ie 


TpTpT 
TpTpTpT > 
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Fic. 3. Products of the action of spleen phosphodiesterase on 
TpT in concentrated solution. System, in 0.07 ml: 50 O.D. units 
of TpT (2.6 umoles), buffer, Tween 80, EDTA as in Table III, and 
0.6 wg of diesterase. The system was incubated for 15 minutés. 
Chromatography was performed in Solvent B for 20 hours. 


TaBLe VII 
Effect of substrate concentration on mechanism® 


Each reaction contained the same concentrations of buffer, 
Tween 80, EDTA, and enzyme as given in Table III. The con- 
centration of d-CpCpC in Reaction 1 was 17 uwmoles per ml; in 
Reaction 3, 0.605 umole per ml; and in Reaction 2, the same as in 
Table III (2.42 wmoles per ml). Incubation times were chosen 
to permit the concentration of the synthetic product to reach a 
plateau. 


Components found Synthetic 
Reaction Time 
Cp + CpCpCpC 
min pmole 
1 10 0.057 0.28 0.17 
2 20 0.0086 0.059 0.13 
3 60 <0.005 0.085 <0.05 


was used in order to promote the synthetic over the hydrolytic re- 
action. The results shown in Fig. 3 were obtained. The higher 
homologues formed, TpTpT and TpTpTpT, were identified by 
direct comparison with markers, and the TpTpT after purifica- 
tion by rechromatography in Solvent B was incubated with 
venom phosphodiesterase. Complete degradation to pT and T 
resulted, the ratio of these products being 2.1:1. The result is 
thus consistent with the structure. Complete degradation by 
venom phosphodiesterase also showed that the nucleoside 3’- 
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phosphoryl group had been transferred by the enzyme to the 
5’-hydroxyl group of TpT to form a new C;’—C;’ internucleo. — 


tide bond, and no detectable esterification occurred at the — 


secondary (3’-) hydroxyl. 

In further experiments, incubation of TpT and deoxycytidine 
with the enzyme gave all of the expected products, TpTpT, 
d-TpC and d-TpTpC, in addition to Tp and T. Incubation of 
a mixture of TpT and d-CPC, as expected, gave a complex 
mixture of products, among which by a combination of paper 
chromatography and paper electrophoresis in M acetic acid, 
the following products were detected: TpTpT, d-CpCpc, 
d-CpTpT and d-TpCpC, as well as minor amounts of d-TpC 
and d-CpT. 

Synthetic and Degradative Reactions as Function of Substrate 
Concentration—Whereas the experiments described above on the 


stepwise degradation of different oligonucleotides were all per- _ 
formed with a standard concentration of the initial substrate 
(suggested by experiments with Tp-nitropheny]l), the experiment 
on d-CpCpC was repeated at 7-fold and one-fourth the concen- 
tration used in the experiment of Table III. The results are 
given in Table VII. As an approximation,’ the ratio of the syn- 
thetic reaction to hydrolytic reaction is expressed by the ratio 
d-CpCpCpC /(d-CpCpCpC + d-Cp). The results with the low- 
est concentration used are especially significant in that at this 
dilution, the synthetic reaction is no longer detectable. 
Hydrolysis of Cyclic Oligonucleotides—With the highly purified 


preparation used in this work, no hydrolysis of cyclo-pTpTpT 
was observed when the substrate concentration was 5-fold and 
the time 6 hours. Thus, the maximal rate of attack on such © 
‘internal’ phosphodiester bonds is less than that observed with | 
the venom phosphodiesterase (3, 4). The slow hydrolysis 
observed previously with compounds of this type (15) could have 
been due to contaminating enzymes in the less purified prepara- 
tion. 


DISCUSSION 


The results demonstrate the stepwise action of the spleen 
phosphodiesterase on oligonucleotides from the end of the chain 
bearing the 5’-hydroxyl group. This mode of action is thus | 
complementary to that of the venom phosphodiesterase. Inas- | 
much as compounds of the general structure I are all attacked, 
in both the ribo- and . 


HOCH, R 
| | 
O 
HO—P=O 
R’O | 
I. R = purine or pyrimidine; R’ = nucleoside, alkyl, or aryl group — 


deoxyribonucleotide series, it is only necessary to postulate the 
attachment of the enzyme to a nucleoside 3’-phosphoryl group. — 


7 The expression used to determine the ratio of synthetic to | 
hydrolytic reaction is only approximate because it omits from — 
consideration the subsequent reactions, synthetic or hydrolytic, — 
of the other homologues. The validity of the expression would — 
be greater the closer the estimations are to the zero time of the | 
reaction. However, for practical reasons, the values recorded in — 
Table VII were taken when the amount of the synthesized higher — 
homologue was at a Maximum. | 
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It seems likely that an enzyme-bound nucleoside 3’-phosphory] 
group is a real intermediate. 

Heppel and Hilmoe (10) have commented on the greater sus- 
ceptibility of purine ribonucleoside 3’-phosphoryl esters than of 
the pyrimidine counterparts to this enzyme. In the present 
work, measurably faster rates were observed with ApApA and 
ApU than with pyrimidine deoxyribooligonucleotides of similar 
size. It is not certain, however, whether in addition to the 
effect of the bases there is preference by this enzyme for ribo- 
furanoside versus deoxyribofuranoside structure. 

The requirement of a free terminal 5’-hydroxyl group for the 
action of the enzyme seems to be absolute. Thus, as has al- 
ready been shown (11) with the ribooligonucleotides and has 
now been shown with the deoxyribooligonucleotides, compounds 
bearing 5’-phosphomonoester end groups are resistant. Further 
evidence in favor of this conclusion has been provided by the 
resistance of the cyclooligonucleotides. Barring results to the 
contrary that might be forthcoming from the kinetic study of 
the degradation of polynucleotides of higher molecular weight, it 
seems justifiable at present to designate the spleen phospho- 
diesterase aS an exopolynucleotidase. This designation has at 
present greater validity in the case of this enzyme than with 
venom phosphodiesterase, the present preparations of which 
still show measurable activities towards internal phosphodiester 
bonds (3, 4, 16). 

The ability of the enzyme to catalyze transfer reactions is a 
property frequently encountered with degradative enzymes. 
The finding, however, implies that caution would be necessary 
in the use of the enzyme as a tool in the sequential work on 
polynucleotides. The use of Tp-nitropheny] in assays for spleen 
phosphodiesterase activity has apparently not been complicated 
by the possible formation of TpTp-nitrophenyl (and higher 
homologues) possibly because the decrease in Tp-nitropheny] 
concentration is always small at early stages of reaction. The 
need to use low concentrations of polymeric substrates will 
probably be met readily in work on the high molecular weight 
polynucleotides. Recent studies on transfer reactions catalyzed 
by pancreatic ribonuclease A (29) suggest that conditions may 
be found which will minimize transfer reactions in concentrated 
solution. Furthermore, a detailed study of enzymes with similar 
substrate specificity which have been found in other tissues (17) 
may show that they possess less transfer activity. 


SUMMARY 


A convenient assay of calf spleen phosphodiesterase using 
Tp-nitropheny! is described. The action of this enzyme on 
d-CpCpC, d-CpCpCpC, TpT, TpTp, TpTpTpT, TpTp-d-C, 


' ApApA, ApU, pTpTpT, cyclo-pTpTpT, and polyadenylic acid 


has been studied. The results show that the enzyme hydrolyzes 


_ oligonucleotides by stepwise attack from the end bearing a free 


)-hydroxyl group and possesses no detectable “endonuclease” 


activity. 


Kinetic studies of the degradation of oligonucleotides have 
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transfer reactions can be minimized by use of dilute reaction 
mixtures. 


Other properties of the enzyme are discussed, particularly in 


relation to those of the venom phosphodiesterase. 


1. 


2. 


16. 


18. 


= 
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Strong evidence has been obtained from experiments tn vivo 
that in different types of cells, deoxyribosyl compounds are 
formed through a reduction of the corresponding ribosyl com- 
pounds (cf. (1)). Recently, enzyme systems have been obtained 
from avian, Mammalian, and bacterial cells, which carry out 
such transformations with pyrimidine and purine ribonucleo- 
tides (2-4). The present paper describes in detail our experi- 
ments with an extract from Escherichia coli which carries out the 
formation of deoxycytidine phosphates from cytidine monophos- 
phate in the presence of adenosine triphosphate and Mg** ions. 
Evidence will be presented for the proposition that the reduction 
of the ribonucleotide takes place at the diphosphate level, and 
that reduced triphosphopyridine nucleotide, directly or indi- 
rectly, is involved in this process. A preliminary account of 
this work has been published (2). 


EXPERIMENTAL PROCEDURE 


Nonlabeled Nucleotides—Nonlabeled nucleotides were obtained 
from Sigma Chemical Company. dCDP and dCTP were syn- 
thesized from dCMP by the carbodiimide method (5) and 
prepared by ion exchange chromatography (6). 

Labeled Nucleotides—Tritium-labeled CMP was_ purchased 
from Schwarz BioResearch, Inc. It was used after purification 
by ion exchange chromatography on Dowex 50 (7). 

P32-CMP was prepared by treatment of cytidine with polyphos- 
phoric acid (8), as modified by Hurwitz (9). 

Labeled (tritium or P®) CDP and CTP were prepared from 
correspondingly labeled CMP. For this purpose CMP was 
incubated under standard conditions for (CMP formation (see 
below) with a dialyzed bacterial extract which had been diluted 
4-fold with 0.05 m Tris, pH 8.0. After 10 minutes the solution 
was acidified with HC1O,, centrifuged, and the supernatant after 
neutralization was chromatographed on Dowex 2-formate (6) for 
the purification of CDP and CTP. Under those conditions no 
formation of deoxynucleotides was observed. 

Preparation of Bacterial Extracts—E. coli was grown in a 
nutrient broth (Difco) medium; the cells were harvested in the 
late logarithmic phase and collected by centrifugation at 3000 x 
g. They were then resuspended in a small volume of 0.05 
Tris, pH 8.0, and centrifuged at 20,000 xX g. All centrifugations 
were carried out around 0° in International centrifuges. 

Different modes of extraction were tried. Treatment with 
high pressure (10) and sonication in a Raytheon sonic oscillator 
both gave good extraction of protein and enzyme activity (Table 


* This work was supported by grants from the Swedish Medical 
Research Council. 


1). However, the latter type of treatment easily resulted jn 
inactivation, and therefore throughout this work we used high 
pressure treatment, which we found very reproducible. 

For this treatment the tightly packed bacteria were frozen 
and pressed at —25° (10). The crushed frozen bacteria could 


then be stored for at least 2 weeks at —25° without a measurable — 


decline in enzyme activity. 

Immediately before the start of an experiment, a weighed 
amount of crushed bacteria was extracted by stirring for 20 to 30 
minutes at 2° with 5 volumes of 0.05 M Tris, pH 8.0, containing 


10-3 mM mercaptoethanol. The suspension was then centrifuged — 


at 25,000 x g for 20 minutes. In some experiments, 30 minutes 


of centrifugation at 105,000 x g was used, and this seemed to — 
result in a slightly higher enzyme activity. The clear extract — 
was used for experiments the same day, since considerable de- — 


crease of activity occurred upon storage. 
Removal of Nucieotides from Bacterial Extracts—Attempts were 


made to demonstrate possible cofactors of the reaction by re- — 


moving nucleotides with Dowex 2 or charcoal. 


Dowex treatment was carried out by passing 10 ml of bacterial | 


extract (Tris, pH 7.5 instead of 8.0) through a 2- * 10-cm column 
of Dowex 2-chloride. The resin was prewashed with 0.05 x 
Tris, pH 7.5, containing 10-* M mercaptoethanol. The first 
milliliter of the effluent that contained protein was discarded; the 
next 3 ml were collected, adjusted to pH 8.0, and used for the 
experiment. 

Alternatively, the bacterial extract (pH 8.0) was stirred with 
chareoal (Norit, 250 mg per 10 ml of extract) for 20 minutes. 
The supernatant solution after centrifugation was used directly. 

Conditions of Incubation—Under standard conditions, 0.2 ml 
of bacterial extract was incubated for 10 minutes at 37° with 
0.05 to 0.15 umole of labeled CMP (approximately 10? c.p.m. 
per umole), 1 umole of ATP, and 5 uwmoles of MgCl, to a final 
volume of 0.25 ml. 
centrations of the reactants were those given above, except 
where stated otherwise. The reaction was stopped by boiling 
(whenever the disritbution of cytidine mono-, di-, and triphos- 


phates was determined) or by addition of 1 ml of ice cold M | 
In the former case, an aliquot was used for paper chro- — 


HCIO,. 


When larger volumes were used, the con- 


matography, and 1 ml of HClO, was then added to the rest. — 


After centrifugation a known amount of carrier (CMP (approx- : 
mately 1.5 umoles) was added, and the supernatant solution was _ 


boiled for 10 minutes to break pyrophosphate bonds. 


Assay of dCMP Formation—The boiled acid solution was — 
neutralized with 4 n KOH (phenol red), and KCIO, was allowed — 


to precipitate at 0° for at least 30 minutes. After centrifugation 
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the supernatant solution was added to the top of a Dowex 50-H*+ 
eolumn, 0.9 X 13cm. CMP was eluted with 160 ml of 0.2m 
acetic acid and the eluate discarded. On addition of another 70 
ml of 0.2 M acetic acid, (CMP was eluted completely. Aliquots 
(usually 1 and 2 ml) of this solution were plated directly on 
planchettes and their radioactivity was determined at infinite 
thinness in a Frieseke-Hoepfner windowless proportional counter. 
From these values the total amount of radioactivity present in 
the dCMP fraction could be calculated. To this value was ap- 
plied a correction factor, obtained from the known amount of 
earrier (CMP added and from the measured ultraviolet absorb- 
ancy of the dCMP fraction. The recovery of dCMP ranged 
between 70 and 90%. From the known specific activity of the 
substrate (CMP) and the determined total radioactivity of the 
dCMP fraction, the amount of dCMP formed during the in- 
cubation could be calculated. This value represents a minimal 
value, since no correction was made for the dilution of isotopic 
CMP with endogenous nonlabeled CMP and CMP formed by 
the breakdown of RNA during incubation.! 

This assay as described above measures the sum of all deoxy- 
cytidine phosphates formed from CMP and does not distinguish 
between the various deoxycytidine phosphates, since dCTP and 
dCDP are broken down by acid hydrolysis to the monophosphate. 
Therefore, whenever (CMP formation from CMP is mentioned 
in the present paper, dCMP actually represents the sum of 
dCTP + dCDP + dCMP. 

Assay of dCM P, dCDP, and dCTP Formation—In some experi- 
ments, however, it was necessary to make separate determina- 
tions of the amounts of (CMP, dCDP, and dCTP formed. The 
acid hydrolysis step was omitted, the cold acid solution was 
neutralized directly with 4 N KOH, and the supernatant solution 
after centrifugation was chromatographed on a Dowex 2-formate 
column (6) in order to separate CMP (+ dCMP) from CDP 
(+ dCDP) and CTP (+ dCTP). The di- and triphosphates 
were then hydrolyzed separately with Nn HCI at 100° for 10 min- 
utes to give the monophosphates. After removal of the acid by 
evaporation in a vacuum, CMP and dCMP were separated within 
each group by chromatography on Dowex 50-H+ (7). From 
these chromatograms the data of Figs. 8 to 11 could be cal- 
culated. 

Distribution of CMP, CDP, and CTP after Incubation—In the 
experiments recorded in Tables II to IV, the amounts of the 
different cytidine phosphates present at the end of the incuba- 
tions were determined by paper chromatography with isobutyric 
acid-ammonia (11). As described above, the incubation was 
terminated by boiling and an aliquot of the solution (usually 
0.005 ml) was spotted on a paper sheet (Whatman 3MM), to- 
gether with a mixture of carrier CMP + CDP + CTP. The 
chromatogram was developed for 18 hours at 25°. After drying, 
the different cytidine phosphates were located by scanning the 


'This dilution effect varied substantially with different prep- 
arations and was determined only occasionally by measuring the 
specific activity of CMP after incubation. For this purpose the 
CMP peak from the Dowex 50 chromatogram was further purified 
ona column of Dowex 1 (6) in order to remove cytidine 2’(3’)- 
phosphate. Such a determination was made in the earlier re- 
ported experiment in which the formation of (CMP from tritium 
and P-labeled CMP was compared (2). Although in that experi- 
ment a further complication arose from the fact that some tritium 
(10 to 20%) was lost from CMP (and presumably dCMP) during 
the acid hydrolysis step of our procedure, the data of Table I 
(2) were corrected for both effects. 
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TABLE I 
Extraction of enzyme activity by sonication 


Four grams of E. coli (wet weight after centrifugation at 
20,000 X g) were suspended in 20 ml of 0.05 m Tris, pH 8.0, and 
treated in a Raytheon sonic oscillator (10 ke). At the times in- 
dicated, 1-ml aliquots were removed, centrifuged at 25,000 X g 
for 30 minutes, and used for dCMP formation under standard 
conditions. 

For comparison, the value for an extract obtained by pressure 
treatment of the same batch of bacteria is also included in the 
table. 


Time of sonication Extract dCMP formed/m!] extract 
min mg protein/ml mumoles 
0.5 13.5 0.55 
1.0 20.4 1.4 
3.0 22.8 2.1 
5.0 22.8 0.95 
Pressurized extract... 19.5 he 


chromatogram for ultraviolet-absorbing spots with a Mineralight 
lamp. The spots were cut out and eluted with water. The 
radioactivity of aliquots of the eluates was determined, and from 
these values the amounts of CMP, CDP, and CTP present in the 
original incubation mixture could be calculated. 

When P*-CMP was the substrate, a complication arose from 
the fact that inorganic phosphate, derived by breakdown of 
CMP during the incubation, had the same Rr value as CDP in 
the chromatographic solvent used. In such experiments the 
sum of CDP and inorganic phosphate was determined first. An 
excess of Norit was then added to the CDP eluate. After cen- 
trifugation only inorganic phosphate was left in the supernatant 
solution and the amount of CDP originally present was obtained 
by subtraction of the radioactivity after Norit treatment from 
the original total radioactivity. 


RESULTS 


Identification of Deoxycytidine Phosphates as 
Products of Reaction 


Our assay method depended on the amount of isotope which 
coincided with the position of the dCMP peak on a Dowex 50 
chromatogram. It was therefore of prime importance to estab- 
lish first that this radioactivity was indeed caused by the for- 
mation of radioactive dCMP and did not arise from some un- 
known compound which happened to appear in the position of 
dCMP in the chromatogram. | 

For this purpose tritium-labeled CMP was incubated with the 
extract under standard conditions and the incubation mixture 
was treated as described under “Experimental Procedure.” 
The usual batchwise separation of CMP from dCMP was not 
made, however. Instead, the nucleotides were separated by 
extended chromatography on Dowex 50 (7), and each fraction 
within the (CMP peak was analyzed for radioactivity and ultra- 
violet absorption (corresponding to carrier (CMP added after 
HC10,-inactivation). Fig. 1 demonstrates that identical peaks 


were observed with both methods of analysis. The different 
fractions containing d(CMP were then pooled, the solvent was 
removed in a vacuum, and the nucleotide was dephosphorylated 
with prostatic phosphatase. The product was chromatographed 
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Fic. 1. Coincidence of radioactivity (= dCMP formation) and 
ultraviolet absorbancy (= carrier (CMP) in dCMP peak (upper 
curve) and dephosphorylated dCMP peak (lower curve). For 
further explanation see text. 


mumoles dCMP 


N- 
Or 
co} 


M x103 


Fic. 2. Requirement for ATP at two different concentrations 
of Mg**. 
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Fic. 3. Requirement for Mg** at two different concentrations 
of ATP. 


Enzymatic Formation of Deoxycytidine Phosphates 


on Dowex 50-H* with 0.5 Nn HCl (7). A single peak of deoxy. 
cytidine was obtained, and again ultraviolet absorbancy and 
radioactivity coincided closely (Fig. 1). Furthermore, the 
specific activity of deoxycytidine was the same as that of 
dCMP. Additional evidence for the identity of the radioactive 
product formed during incubation with dCMP was the fact that 
during paper chromatography and paper electrophoresis both 
dCMP and deoxycytidine (obtained by dephosphorylation of 
dCMP) moved as a single radioactive and ultraviolet-absorbing 


spot.” 


Requirements for dCMP Formation and Properties of Reaction 


ATP and Mg++—We have already reported that dCMP for. 
mation by the bacterial extract requires the presence of ATP 
and Mg++ (2). These requirements have now been studied in 
some detail. 

The stimulation of the reaction by the addition of ATP is 
shown in Fig. 2. Optimal dCMP formation was observed at 
concentrations between 2 and 4 xX 10-3 M, higher concentrations 
being inhibitory. Similar curves were obtained at two different 
Mg** concentrations. The addition of an ATP-regenerating 
system, such as phosphoenol pyruvate +: pyruvate kinase or 
creatine phosphate + kinase, resulted in a strong inhibition of 
the reaction. This effect will be described in detail later. 

dCMP formation showed an absolute requirement for the 
addition of Mg++ (Fig. 3). A rather sharp optimal concentration 
of Mg++ at approximately 0.02 m could be demonstrated with 
two different concentrations of ATP. Higher concentrations of 
Mg*+ showed strong inhibition and, since this effect was largely 
independent of ATP concentration, the binding of ATP by excess 
Mg++ could not be the only cause. 

Mn++ at 0.005 mM, Ca*+ at 0.02 m, and Fe*+ at 0.01 m gave 70, 
80, and 60% activity, respectively, as compared to Mg++ at 
0.02 m. The concentrations mentioned above were about opti- 
mal for the different ions. Again, strong inhibition was observed 
at higher concentrations, especially with Mn*+. 

pH Optimum—The reaction showed a rather broad pH opti- 
mum between 7.5 and 8.1 (Fig. 4). It should be noted that the 
pH values given in the figure were those of the buffers used for 
the extraction of the enzymes from the bacteria. 

Stimulation by SH—When no mercaptoethanol was included 
during the extraction of the bacteria, it was found that addition 
of this substance during incubation stimulated (CMP formation 
about 30% at a concentration of 10-? m. This amount of mer- 
captoethanol was therefore routinely included in the buffer used 
for extraction. Concentrations of 10-* m or more showed 4 


slight inhibitory effect. 
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Dependence of dCMP Formation on Enzyme Concentration and | 


on Time—It was not possible to obtain proportionality between 


enzyme concentration and amount of dCMP formed. One — 


2 The arabinonucleotide spongocytidine 5’-phosphate may be 
considered as a possible radioactive contaminant of the dCMP 
fraction. However, on the Dowex 50 chromatogram which we 
used, spongocytidine 5’-phosphate and spongocytidine overlap 
with CMP and cytidine, respectively, and not with the deoxy- 
ribosyl compounds. Therefore arabinonucleotides do not con- 
tribute to the radioactivity of the dCMP fraction, but their pres- 
ence in the CMP fraction is, of course, not excluded. 

We wish to thank Dr. C. A. Dekker, Department of Biochem- 
istry, University of California, Berkeley, for a generous gift of 
spongocytidine 3’5’-diphosphate, which after dephosphorylation 
was used for our chromatographic model experiments. 
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typical experiment is given in Fig. 5 in which a time curve of the 
amount of dCMP formed at two different enzyme concentrations 
ig shown. On dilution of the enzyme with an equal amount of 
buffer, the initial rate of dCMP formation dropped to much more 
than half. On further dilution (not shown in the figure) this 
effect was still more pronounced and only minute amounts of 
dCMP were formed. 

Dependence on Pyridine N ucleotides—Addition of either TPNH 
or DPNH to the crude extract showed no stimulatory effect; 
high concentrations of TPNH usually inhibited the reaction. 
Treatment with Dowex 2-Cl-, charcoal, or dialysis greatly de- 
creased the activity of the bacterial extract. The addition of 
pyridine nucleotides to extracts treated in this way stimulated 
dCMP formation, and very often 50 to 80% of the original activ- 
ity could be recovered when TPNH or TPN was added. 

A comparison between low concentrations of TPNH and TPN 
(Fig. 6) did not reveal a difference between the effects of reduced 
and oxidized triphosphopyridine nucleotide. In separate experi- 
ments, it was found that the Dowex-treated bacterial extract 
very rapidly reduced TPN, as judged by the increase in ab- 
sorbancy at 340 mu. By the same criterion, the addition of 
glucose 6-phosphate resulted in an instantaneous reduction of all 
TPN present. When glucose 6-phosphate was added to a TPN- 
stimulated dCMP-synthesizing system, this did not change the 
effect of TPN. These results suggest that it is likely that the 
reduced pyridine nucleotide was responsible for the stimulation 
of dCMP formation and that the effect of the oxidized nucleotide 
depended on its rapid reduction. 

The effects of DPNH and TPNH were compared in several 
Dowex-treated extracts. At low concentrations, TPNH was 


0.4 
0.2 

7 8 

pH 


Fic. 4. The relation of (CMP formation to the pH of the re- 
action mixture. The bacteria were extracted with 5 volumes of 
0.05 m Tris-phosphate buffers, pH values as indicated on the 
abscissa. During incubation, changes of pH did not exceed 0.2 
unit. 
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Fic. 5. Influence of time and enzyme concentration on (CMP 
formation. ©, 0.2 ml of bacterial extract; @, 0.1 ml of bacterial 
extract + 0.1 ml of 0.05 m Tris, pH 8.0. 
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mymoles dCMP 


Mx10° 
Fic. 6. Restoration of dCMP formation by TPNH (O) and 


TPN (@) after charcoal treatment. Enzyme activity before 
treatment, 0.56 mumole of dCMP formed under standard con- 
ditions. 
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Fic. 7. Restoration of (CMP formation by TPNH and DPNH 
after Dowex 2 treatment. Enzyme activity before treatment, 
0.81 mumole of (CMP formed under standard conditions. 


consistantly more effective than DPNH, even though the dif- 
ference between the effects of the two nucleotides varied from 
one preparation to the other. Fig. 7 shows an experiment in 
which large differences between the effects of the two pyridine 
nucleotides were found. 

When DPN was incubated with the Dowex-treated extract in 
the presence of ATP and Mg*+, an increase in the absorbancy at 
340 my could be observed. This increase showed an absolute 
requirement for both ATP and Mg**+, and was greatly stimulated 
by the addition of glucose 6-phosphate. These findings are 
interpreted to indicate that the extract could transform DPN to 
TPN in the presence of ATP and Mg*+, and that TPN was 
subsequently reduced to TPNH with glucose 6-phosphate by 
glucose 6-phosphate dehydrogenase present in the bacterial ex- 
tract. 

Other Properties of Reaction—On storage, either at 0° or at 
—25°, enzyme activity declined rapidly. Different preparations 
showed large variations in this respect, but usually enzyme activ- 
ity dropped to about half on storage overnight. 

Dialysis for 2 to 5 hours at pH 8.0 slightly stimulated enzyme 
activity, provided TPNH was subsequently added to the incuba- 
tion mixture. After dialysis for 24 hours very little activity 
could be demonstrated. Addition of TPNH, a boiled bacterial 
extract, or a concentrated dialysate did not restore activity. 

The enzyme was moderately sensitive to light. Sunlight for 
20 minutes or a 100-watt tungsten lamp (with reflector) at 10-cm 
distance for 60 minutes reduced enzyme activity to about one- 
half. A limited restoration of activity by TPNH was observed, 
but this effect was not studied further. B,-coenzyme had no 
effect. 


10. 4 
| 
and 
the 
it of 
ctive 7 
that | 
both | 
mn. of 
b 
4 8 
for- 
ATP 
ed in 
0 40 


1154 Enzymatic Formation of Deoxycytidine Phosphates Vol. 236, No. 4 


mymoles from p32 
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Fic. 8. Time curve for the formation of different deoxycytidine 
phosphates from CMP® (upper part of figure). The values for 
each time point are given for a I*ml incubation mixture under 
standard conditions. The lower part of the figure shows the 
transphosphorylation reactions taking place with cytidine phos- 
phates. 
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Fic. 9. Influence of a pool of nonlabeled dCMP (1.9 umoles) on 
the formation of different deoxycytidine phosphates from P®- 
CMP. Each time point corresponds to 0.8 ml of incubation mix- 
ture under standard conditions. A. The formation of the differ- 
ent radioactive deoxycytidine phosphates from CMP. B. The 
specific activities of the various deoxycytidine phosphates at 
different time points. These values were obtained by calculation 
from the values of parts A and D. C. The transphosphorylation 
reactions taking place with cytidine phosphates. D. The trans- 
phosphorylation reactions taking place with the nonlabeled de- 
oxyeytidine phosphate added at zero time. 


Evidence for Occurrence of Reduction at Diphosphate Level 


The requirements for ATP and Mg** indicated the participa- 
tion of phosphorylated intermediates in the formation of dCMP 
from CMP. One possibility was that ATP was required for the 


formation of CDP or CTP from CMP, and that the reductive 
step occurred at the di- or triphosphate level, and not with CMP. 

Experiments were therefore designed to determine the level of 
phosphorylation of the primary product of the reaction. A time 
curve for the formation of the different deoxycytidine phosphates 
(Fig. 8) showed that at the earliest time point the pyrophosphates 
were the dominant products. However, as also demonstrated in 
Fig. 8, a very similar time curve was obtained for the cytidine 
phosphates, and the results obtained with the deoxycytidine 
phosphates only mirrored those with cytidine phosphates, 
Equilibration due to transphosphorylation reactions was much 
too rapid to permit any conclusions as to which deoxycytidine 
phosphate was the initial product of the reaction. 

It was therefore decided to carry out similar time curves in the 
presence of large pools of nonlabeled deoxycytidine phosphates, 
It was hoped that this might result in a saturation of the trans- 
phosphorylating enzymes and that it would be possible to obtain 
the primary product of the reduction before it had equilibrated 
with the other deoxycytidine phosphates. 

Such an experiment is given in Fig. 9, in which radioactive 
deoxycytidine phosphates were formed from P®-CMP in the 
presence of a pool of nonlabeled (CMP. This nonlabeled dCMP 
was phosphorylated to the di- and triphosphates, and these 
transformations could be followed by measuring the ultraviolet 
absorption of the different peaks as described under ‘‘Experi- 
mental Procedure” (Fig. 9, part D). Similar transformations 
occurred with CMP (part C). The amounts of the different 
labeled deoxycytidine phosphates formed from P®-CMP are 
given in part A of Fig. 9. This part thus shows the enzyme 
activities under study. Finally, part B of Fig. 9 gives the 
specific activities of the various deoxycytidine phosphates at the 
different time points. These data were obtained by calculation 
from the data of parts D and A, and are directly relevant to the 
question of which of the different deoxycytidine phosphates 
may be considered as the first product of the reaction. 

Part B shows that at all time points studied, (CMP had a much 
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lower specific activity than dCDP or dCTP; the latter two within 
experimental error had the same specific activity. From this 
experiment it was thus not possible to decide whether the di- or 
triphosphate was the first product of the reaction. 

Figs. 10 and 11 show two experiments in which deoxycytidine 
phosphates were formed from labeled CMP in the presence of a 
pool of either nonlabeled dCDP or dCTP. In the latter experi- 
ment tritium-labeled CMP was used as the substrate, and P*- 
CMP was used in the experiment with nonlabeled dCDP. 

The results of Figs. 10 and 11 are plotted in the same way as 
described above for Fig. 9. As shown in part B of both figures, 
dCMP again had by far the lowest specific activity at all time 
points. Furthermore, it was possible now to demonstrate that 
at early time points dCDP had a higher specific activity than 
dCTP, showing that the diphosphate was the first product of the 
reaction. 

These results suggested that CDP was a more direct substrate 
for the reduction than either CMP or CTP. This might indicate 
that ATP and Mg** were required only for a phosphorylation of 
CMP to CDP. In order to investigate this question a compari- 
son was made between CMP, CDP, and CTP as substrates for 
dCMP formation, and the requirements for ATP and Mg*+ for 
each of the three substrates were determined (Table II). In 
these experiments we also measured the amounts of CMP, CDP, 
and CTP left at the end of each incubation. 

Table II shows that there was very little difference in (CMP 
formation between the three different cytidine phosphates both 
with the complete medium and mn the absence of Mg++. In the 
latter case there was practically'no dCMP formation from any 
substrate, even though the transphosphorylation reactions be- 
tween the cytidine phosphates were hardly decreased, as indi- 
cated by the amounts of CMP, CDP, and CTP present after 10 
minutes of incubation. 

When ATP was excluded from the medium, CDP and CTP 
were much better substrates than CMP for dCMP formation. 
However, in each case, less (CMP was formed as compared to 
incubation with ATP. This could mean that with CDP or 
CTP as substrates, the formation of deoxycytidine phosphates 
still required ATP. Alternatively the explanation might be that 
inthe absence of ATP a more rapid breakdown of CDP and CTP 
occurred, and that less substrate was available for the reduction 
(cf. Table II). 
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Fic. 11. Influence of a pool of nonlabeled dCTP (0.60 umole) 


on the formation of different deoxycytidine phosphates from 
tntium-labeled CMP. For explanation see Fig. 9. 
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II 


Comparison of CTP, CDP, and CMP as substrates 
for dCMP formation 

The complete experiments were carried out under standard 
conditions with the different P*?-cytidine phosphates at 0.3 
10-3 m. Omissions were as indicated in the headings. In each 
experiment the amounts of CMP, CDP and CTP present at the 
end of the incubation were determined by paper chromatography 
as described in ‘‘Experimental Procedure.’’ All values are ex- 
pressed as mumoles. 


Complete Minus Mg** Minus ATP 

Substrate A, 

= CMP CDP|CTP; |CMP|CDP 2 |CMP|CDP CTP 

CMP 0.26, 28 | 35 | 17 (0.03, 26 | 31 | 25 (0.02 46, 10) 1 
CDP 0.30) 15 35 | 18 0.02) 21 | 29 30 0.17, 26 24. 2 
CTP (0.35) 20 | 41 | 21 0.02 31 | 30 0.20 36 | 20 4 

TaBLeE III 


Effect of ATP on dCMP formation from different cytidine phosphates 

The experiments were carried out as described in Table II, 
but at the concentrations of cytidine phosphates indicated in the 
table. 


Complete Minus ATP 
Substrate Concentration a 
5 CMP | | cmp! CDP CTP 
0.34 X 1073 m (0.32) 23 | 33 | 23 0.04; 52) 12) 1 
0.68 X 10-3 m (0.60; 38 | 76 | 37 (0.08) 91; 29; 2 
1.36 K m 78 | 82 | 47 (0.12 143 | 72, 3 
CDP | 0.34 X 107% m (0.39 20 | 41 | 27 0.21) 37) 32) 5 
0.68 X m 0.62, 24 | 56 46 (0.32; 66; 58 9 
1.36 X M 0.45) 85} 86) 15 
CTP 0.34 X 10-3 m 0.45 29 | 36 | 23 0.21) 41 38 6 
0.68 X 10-3 m '0.61 25 | 76 | 47 0.28) 86) 15 
1.36 KX M 91 | 125 14 


A more complete study was therefore made on the effect of 
ATP at different concentrations of cytidine phosphates (Table 
III). The results show that at all concentrations of cytidine 
phosphates studied, ATP stimulated dCMP formation. In the 
absence of added ATP a 4-fold increase in the concentration of 
the cytidine pyrophosphates was required in order to obtain 
dCMP formation corresponding to the values obtained with ATP. 
From the amounts of CMP, CDP, and CTP present at the end of 
the incubation, it is apparent that the stimulatory effect of ATP 
could not have been due to a protection of CDP. On the other 
hand, the CTP level was maintained only in the presence of ATP. 

A different type of experiment was performed in order to indi- 
cate whether CDP or CTP was a more direct substrate for the 
reductive step. It was mentioned earlier that continuous re- 
generation of ATP e.g. by the inclusion of creatine phosphate + 
kinase in the reaction mixture, decreased (CMP formation. A 
time study of this effect was made in the experiments recorded in 
Table IV. In one set of experiments, ATP was regenerated by 
the addition of creatine phosphate + kinase, and the results 
were compared with control experiments using the same bacterial 
extract without the inclusion of the ATP-regenerating system. 
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TABLE IV 
Effect of ATP regeneration on dCMP formation 


The experiments were carried out as described in Table II, 
with 0.8 10-3 m P??-CMP. Where indicated, 6 uzmoles of creatine 
phosphate and 0.1 mg of creatine kinase were added. 


Additions Time dCMP CMP CDP CTP 

min 
None | 4 0.42 52 56 32 
| Ss 0.96 40 70 32 
12 1.64 38 60 26 
Creatine phosphate 4 0.12 8 20 114 
+ kinase 8 0.18 S 24 102 
12 0.32 10 22 110 


At each time point, measurements were made of dCMP forma- 
tion and of the amounts of CMP, CDP, and CTP present in the 
system. It is apparent that upon the addition of the regen- 
erating system, most cytidine phosphates were present as CTP, 
whereas in the control experiment CDP was the predominating 
nucleotide. In the former case €CMP formation was greatly 
decreased. 


DISCUSSION 


The occurrence of enzyme reactions catalyzing the reduction of 
ribonucleotides with a formation of the corresponding deoxy- 
ribonucleotides has been indicated for a considerable period of 
time from experiments in vivo. The demonstrations of such 
reactions with soluble enzymes has met with several difficulties, 
mainly because of the slow rate of these enzyme reactions. It 
was necessary to apply a combination of isotopic and chroma- 
tographic techniques in order to show the reduction of ribonucleo- 
tides in crude tissue extracts in the presence of powerful enzyme 
systems catalyzing the degradation of nucleotides and nucleic 
acids. For reasons given earlier (2), it seems very uncertain 
whether the reported formation of pyrimidine deoxynucleosides 
from the corresponding ribonucleosides by extracts of Salmonella 
typhimurium (12) indeed represents a direct reduction of the 
ribonucleoside, or a combination of DNA degradation and trans- 
glycosylating reactions. However, recent independent experi- 
ments by Moore and Hurlbert (4) and from this laboratory (2, 3) 
leave no doubt that enzymes from microbial, mammalian, and 
avian sources do catalyze a direct reduction of both pyrimidine 
and purine ribonucleotides. 

The present paper describes in detail the evidence for the direct 
conversion of a cytidine phosphate to a deoxycytidine phosphate 
with a clarified extract from £. colt. Identical amounts of a 
radioactive compound which on Dowex 50 cochromatographed 
exactly with added carrier (CMP were formed with either trit- 
ium (cytosine)- or P-labeled CMP as substrate. After en- 
zymatic dephosphorylation of the tritium-labeled product, all 
this radioactivity cochromatographed exactly with deoxycytidine. 
Furthermore, after paper chromatography in several solvents, 
the radioactivity showed the same Ry values as dCMP and 
deoxycytidine, respectively. Finally, as described elsewhere (13) 
it was possible to couple the ribonucleotide reduction system with 
the activity of DNA polymerase and recover radioactivity, origi- 
nally associated with CMP, as dCMP in polymerized form in 
DNA. These different lines of evidence leave no doubt that the 
reaction studied in the present paper indeed represents a direct 
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transformation of a cytidine phosphate to a deoxycytidine phos. 


phate. 

In the crude extract, (CMP formation from CMP required the 
addition of ATP and Mg++. This requirement is partly ex- 
plained by the demonstration that among deoxycytidine phos- 
phates, dCDP was the first product of the reaction and that 
dCMP was formed through breakdown of the diphosphate. 
Obviously the formation of (CDP from CMP would require at 
least one phosphorylation mediated by ATP. 

The simplest hypothesis thus would be that CMP was first 
phosphorylated to CDP and that this diphosphate was then re- 
duced directly to dCDP. However several findings speak 
against such a simple concept. Thus when CDP (or CTP) was 
used as a substrate in place of CMP, there was no formation of 
dCMP in the absence of ATP and Mg++. It was then found that 


the addition of Mg*+ alone resulted in a considerable amount of 


dCMP synthesis from CDP or CTP, whereas ATP alone showed 
very little effect. The best results were again obtained with 
both ATP and Mg**. It was conceivable that the effect of these 
additions might merely be to prevent CDP from being broken 
down, and for this reason, the amounts of CMP, CDP, and CTP 
present at the end of the incubation were determined. Such 
determinations demonstrated that ATP, in the absence of Mg++, 
“protected” the di- and triphosphate level, but that under those 
circumstances no dCMP was formed. These results thus show 4 


definite Mg++ requirement somewhere between CDP (or CTP) 
and dCDP. 

The results for the ATP requirement are not as clear-cut. It 
is evident that in the absence of ATP, the triphosphate level is 
maintained very poorly. If CTP were the substrate for the 
reduction, ATP thus might merely serve to keep more substrate 
available for the reaction. However, if CDP were the substrate, 
the results would indicate an ATP-requiring step between CDP 
and dCDP. : 

From the experiments discussed so far, we thus arrive at the — 
following conclusions. (a) dCDP is the product of the reductive 
reaction. (b) If CDP is the more direct substrate, the reductive 
sequence inter alia involves a Mg*++-requiring step, and probably 
also an ATP-requiring step. It then seems likely that Mg++ and 
ATP participate in the same reaction. (c) If CTP is the sub- 
strate, the reduction still requires Mg++, but our experiments 
have neither demonstrated nor excluded an ATP requirement. 

The experiments recorded in Table IV were designed in order 
to indicate whether CDP or CTP was the more direct substrate 
for (CMP formation. It was shown that the addition to the 
bacterial extract of an ATP-regenerating system, such as creatine 
phosphate + kinase, greatly increased the triphosphate level and 
decreased the diphosphate level. At the same time, the addition — 
of the ATP-regenerating system strongly inhibited dCMP for- _ 
mation. Similarly, it was found that phosphoenol pyruvate + 
pyruvate kinase inhibited dCMP formation. These exper- — 
ments thus furnish indirect evidence that the diphosphate, and 
not the triphosphate, is the substrate for the reaction and thus 
favor the second alternative in the above paragraph. : 

Experiments were also carried out to obtain clues about the 
reducing agent in the reaction. The crude bacterial extract 
could be inactivated by different types of treatment, such a3 _ 
dialysis, passage through an anion exchange column, or treat-— 
ment with charcoal. If these treatments were carried out under 
well defined conditions, it was possible to restore part of the 
enzyme activity by the addition of pyridine nucleotides. TPX — 
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or TPNH, at low concentrations, was usually much more effec- 
tive than diphosphopyridine nucleotides. Even though different 
bacterial extracts showed great variations in this respect, we 
have had several preparations which gave almost no reactiva- 
tion with DPNH, whereas about 40 to 50% of the activity could 
be restored with TPNH. These experiments thus suggest a 
more direct involvement of TPNH in the reduction, especially 
since we found evidence for a transformation of DPN to TPN 
with enzymes present in the bacterial extract. 

Identical restoration was obtained with either TPN or TPNH. 
From spectrophotometric experiments it was apparent that 
TPN was reduced by the crude extract with endogenous sub- 
strates and that this process could be accelerated greatly by the 
addition of glucose 6-phosphate. When this substance was 
added in reactivation experiments with TPN, no inhibition of 
dCMP formation was observed. This finding, together with the 
reductive nature of the process under study, leads us to the tenta- 
tive conclusion that TPNH is involved in the reduction of the 
ribosyl to deoxyribosyl compounds by the crude bacterial ex- 
tract. We are, however, fully aware of the possibility that 
pyridine nucleotides might participate in the reaction by reducing 
an unknown compound which in turn is a more direct hydrogen 
donor. A more definite solution to this question will have to 
await progress in enzyme purification now under way. 

From the above discussion the following general picture 
emerges for the formation of deoxycytidine phosphates from 
CMP: 


ATP, Mg** ATP, Mgt* 


>CDP TPNH 


CMP > dCDP 


It is obvious that the second reaction is complex and probably 
involves the participation of more than one enzyme. The par- 
ticipation of ATP and Mg** in this reaction might indicate the 
intermediate formation of a phosphorylated compound and sug- 
gests a possible remote parallellism with the dehydroxylation 
reaction during squalene formation (14). 

Moore and Hurlbert (4) have described the formation of (CMP 
from CMP in extracts of Novikoff hepatoma, and we have found 
this reaction in extracts from tumors, thymus, regenerating liver 
and chick embryos. In chick embryo extracts, enzymes were 
also found which catalyzed the reduction of UMP and GMP to 
the corresponding deoxynucleotides (3, 15). Whenever these 
reactions have been studied in more detail, the requirements 
were found to be very similar to those described in the present 
paper for dCMP formation. It therefore seems likely that a 
great variety of DNA-synthesizing tissues show a common gen- 
eral enzymatic mechanism for the formation of different deoxy- 
nucleotides from ribonucleotides and that further studies of the 
system described in this paper should prove very fruitful for a 
better understanding of the general mechanism of deoxyribonu- 
cleotide formation. 
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SUMMARY 


Crude extracts from Escherichia coli catalyzed the formation of 
deoxycytidine phosphates from cytidine monophosphate. Evi- 
dence is presented that this process involved a direct reduc- 
tion of a ribosy] compound to a deoxyribosyl compound. 

The reaction required the addition of adenosine triphosphate 
and Mgt*. After treatment with either charcoal or Dowex 2, 
a requirement for added pyridine nucleotides developed. Re- 
duced triphosphopyridine nucleotide was more effective than 
reduced diphosphopyridine nucleotide, but no difference was 
found between the effects of triphosphopyridine nucleotide and 
its reduced form. Since the crude extract reduced added tri- 
phosphopyridine nucleotide, and since a regenerating system for 
the reduced form of this nucleotide did not inhibit formation of 
deoxycytidine monophosphate, it is concluded that reduced 
triphosphopyridine nucleotide, directly or indirectly, is involved 
in deoxycytidine monophosphate formation in the bacterial ex- 
tract. 

From time studies in the presence of pools of nonlabeled deoxy- 
cytidine phosphates it is concluded that deoxycytidine diphos- 
phate was formed before the mono- and triphosphates during the 
reduction. Indirect evidence was obtained that cytidine diphos- 
phate was a more immediate substrate for the reductive step 
than cytidine mono- or triphosphate. 

With cytidine diphosphate as the substrate, the reaction still 
required the addition of adenosine triphosphate and Mg*+ for 
optimal formation of deoxycytidine phosphates. The existence 
of a phosphorylated intermediate between cytidine and deoxy- 
cytidine diphosphates is suggested by these experiments. 
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Evidence from a number of laboratories indicates that certain 
purine antimetabolites inhibit protein synthesis in various species 
(1-7). Recent work in our laboratory (8) revealed that induc- 
tion of three hepatic enzymes in the rat was inhibited by pre- 
treatment with 8-azaguanine. Similar findings have been re- 
ported with 6-mercaptopurine (9). As discussed previously (8), 
there are many areas in metabolism in which these compounds 
might exert their effects. A possible site of action for these 
analogues is suggested by the observation that guanosine 5’-tri- 
phosphate serves as a specific cofactor in the incorporation of 
amino acids into microsomal protein. 

In earlier studies the synthesis of 8-azaguanosine 5’-triphos- 
phate was carried out by a combination of enzymatic and chemi- 
cal techniques (10). Several new advances in nucleotide chem- 
istry have occurred which now make practical the synthesis of 
certain ribonucleoside 5’-triphosphates by wholly chemical pro- 
cedures. The syntheses of the ribonucleoside 5’-triphosphates 
of thioguanine and 6-mercaptopurine from the readily available 
starting compounds guanosine and inosine have been accom- 
plished by such techniques. 

The present report is concerned with the effects of 8-azaguano- 
sine 5’-triphosphate, thioguanosine 5’-triphosphate, and 6-mer- 
captopurine ribonucleoside 5’-triphosphate on the incorporation 
in vitro of L-leucine into hepatic microsomal protein. 


EXPERIMENTAL PROCEDURE 


Materials—Thioguanine and 6-mercaptopurine ribonucleosides 
were prepared by thiation of guanosine and inosine with phos- 
phorus pentasulfide as described by Fox et al. (11). L-Leucine- 
C4, uniformly labeled, was obtained from the Nuclear-Chicago 
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Corporation. The specific activity was 1 me per mmole.  Crea- 
tine phosphate as the sodium salt was purchased from the Sigma 
Chemical Company. Phosphoenolpyruvate, as the tricyelo- 
hexylamine salt, was obtained from the California Corporation 
for Biochemical Research. Creatine kinase was kindly supplied 
by Dr. H. A. Lardy. Pyruvic kinase was present in a prepara- 
tion of twice recrystallized lactic dehydrogenase purchased from 
the Worthington Biochemical Corporation. A sample of 8-aza- 
guanosine 5’-phosphate used in the preparation of 8-azaguano- 
sine 5’-triphosphate was generously furnished by the Cancer 
Chemotherapy National Service Center. 8-Azaguanosine 5'-tri- 
phosphate was prepared as previously described (10). The other 
nucleotides were prepared as described below. All other chemi- 
cals were of the highest grade of purity commercially available. 

Determinations—Chemical determinations of phosphate were 
made as previously described (12). 5’-Nucleotidase from 
Crotalus adamanteus was prepared by the method of Hurst and 
Butler (13). An aliquot (0.1 ml) of this enzyme preparation 


hydrolyzed 3.5 uwmoles of adenosine 5’-phosphate in 1 hour at — 


37°. Paper chromatography was carried out in an ascending 
manner with Whatman No. 1 filter paper. The three solvent 
systems used in this study were n-butanol saturated with 4% 
boric acid (Solvent I) (14), 95% ethanol-ammonium acetate (1 
M, pH 7.5 in proportion 7:3) (Solvent II) (15), and 1% ammo- 
nium sulfate and isopropanol in the proportion 1:2 (Solvent III) 
(16, 17). 


Chemical Synthesis of Thioguanosine 5'-Triphosphate and 
6-Mercaptopurine Ribonucleoside 5'-Triphosphate 
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Preparation of 2',3'-O-Isopropylidene Thioguanosine (I[b)— 
Thioguanosine (11) (2.5 g, dried previously in a vacuum at 80° 
over P,O;) was added to a solution of 5.6 g of zine chloride (freshly 
fused) in anhydrous acetone (50 ml). The mixture was heated 
under reflux for 18 hours and was evaporated in a vacuum to a 
thick sirup. The sirup was dissolved by dropwise addition of 
8 nN ammonium hydroxide (18). Next, 50 ml of Dowex 50 
(NH,*) (a 50% suspension) were added and the mixture was 
stirred for 15 to 20 minutes. The Dowex resin was filtered off, 
washed with 0.002 m ammonium hydroxide, and the washings 
were added to the filtrate. This treatment with Dowex 50 was 
repeated two more times and the combined filtrate and washings 
(400 ml) were evaporated in a vacuum to drive off the ammonia. 
When the volume reached approximately 300 ml, most of the 
isopropylidene derivative separated out as fine crystals. These 
were filtered off, dissolved in 600 ml of boiling water, and de- 
colorized with a small amount of charcoal. The filtrate on 
cooling deposited crystals of isopropylidene thioguanosine, yield 
18 g (64%), m.p. 252-254° (uncorrected). Paper chromatog- 
raphy of the above product in Solvent I revealed that the product 
(Rr 0.81) was free from thioguanosine (R,- 0.20). 

Ci3Hi7zNs048 


Calculated: C 46.01, H 5.01, N 20.63 
Found: C 45.59, H 4.78, N 20.16 


Preparation of 2' ,3'-O-Isopropylidene Derivative of 6-Mercapto- 
purine Ribonucleoside (IIb)—The isopropylidene derivative of 
6-mercaptopurine ribonucleoside was prepared in an identical 
manner as described for thioguanosine in 65% yield. The 
product melted with decomposition at 245-248° (uncorrected). 
The isopropylidene derivative had an FR, value of 0.80 in Solvent 
land was free from 6-mercaptopurine ribonucleoside (Rp 0.15). 

CisHi 6N.O.S 


Calculated: C 48.18, H 4.93, N 17.26 
Found: C 47.76, H 4.76, N 17.09 


Preparation of Thioguanosine 5'-Phosphate (Ia)—Isopropyli- 
dene thioguanosine (1.01 g, 3 mmoles) was dissolved in 35 ml of 
dry pyridine. A pyridine solution of B-cyanoethylphosphate 
(19) (6 ml, 1 mmole per ml) was added and the solution was 
evaporated in a vacuum to an oil (bath temperature, 30°). The 
dil was dissolved in 60 ml of dry pyridine, and the solution was 
concentrated to 30 ml. Dicyclohexylearbodiimide, 3.09 g (about 


l)mmoles), was added and the reaction mixture was allowed to 
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stand at room temperature for 48 hours. Then 10 ml of water 
were added to the reaction mixture, which was allowed to stand 
at room temperature for 1 hour to decompose the metaphosphate. 
Pyridine was removed in a vacuum and the residue was taken up 
in 30 ml of water. The precipitated dicyclohexylurea was 
filtered off and washed with 30 ml of water. Next, 60 ml of 1 N 
sodium hydroxide were added to the combined filtrate and wash- 
ings and the resultant solution was refluxed for 1 hour to hy- 
drolyze the cyanoethyl ester. The solution was cooled and 
passed through a column of Dowex 50 (H+) (3 x 8 em) to re- 
move sodium ions. The Dowex 50 column was washed with 
about 600 ml of water to remove any adsorbed nucleotides. The 
eluate and washings from the Dowex 50 were acidified with 
hydrochloric acid to 0.1 N and allowed to stand at room tem- 
perature for 24 hours to remove the isopropylidene moiety. The 
pH of this solution was then adjusted to 7.5 with saturated 
barium hydroxide. The precipitated barium phosphate was 
filtered off and washed with a small amount of water. The 
filtrate and washings were then reduced to a volume of 200 ml 
in a vacuum and 400 ml of 95% ethanol were added. After 
standing at 2° for 18 hours, the precipitated thioguanosine 5’- 
phosphate (barium salt) was collected by centrifugation; the 
yield after reprecipitation with 2 volumes of ethanol was 600 
mg (40%). Paper chromatography in Solvents II and III 
showed single ultraviolet light-absorbing spots (Rr 0.35 and 0.22, 
respectively). Analysis of total phosphate showed that from 
1.0 umole of the mononucleotide, 1.06 umoles of orthophosphate 
were obtained. 

The ultraviolet absorption spectrum of thioguanosine 5’-phos- 
phate was found to be identical with that of thioguanosine (11). 

Preparation of 6-Mercaptopurine Ribonucleoside 5'-Phosphate 
(IIa)—The preparation of 6-mercaptopurine ribonucleoside 
5’-phosphate was carried out as described above for thioguanosine 
5’-phosphate. The nucleotide was obtained in 60% yield as the 
barium salt. Total phosphate analysis showed 0.95 umole of 
orthophosphate per 1.0 wmole of the mononucleotide. Paper 
chromatography in Solvents II and III showed single ultraviolet 
light-absorbing spots (Rr 0.45 and 0.32, respectively). The 
ultraviolet absorption spectrum was identical with that of 6- 
mercaptopurine ribonucleoside (11). 

Action of 5'-Nucleotidase—The ribonucleoside 5’-phosphates of 
6-mercaptopurine and thioguanine were incubated with 5’-nu- 
cleotidase as described previously (12). Approximately 1.0 
umole of phosphate was liberated per umole of nucleotide. 
Paper chromatography of the reaction products in Solvent II 
revealed single spots corresponding to thioguanosine (Rp 0.82) 
and 6-mercaptopurine ribonucleoside (Rr 0.79). When the 
ultraviolet-absorbing spots were eluted, their spectra were found 
to be identical to those of the respective nucleosides (11). 

Preparation and Isolation of Thioguanosine 5'-Triphosphate 
(Id)—This synthesis was accomplished by the reaction of 
thioguanosine 5’-phosphate and orthophosphoriec acid with di- 
cyclohexylearbodiimide in anhydrous pyridine containing tri-n- 
butylamine by the method described by Smith and Khorana (20). 
Thioguanosine 5’-phosphate (100 uwmoles, barium salt) was con- 
verted to the free acid by passage through a column of Dowex 
50 (H+). To the water effluent, a few milliliters of pyridine were 
added and the solution was evaporated to dryness on a rotary 
evaporator. The residue was again dissolved in anhydrous 
pyridine and evaporated to dryness. The residue was dissolved 
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in 10 ml of anhydrous pyridine containing tri-n-butylamine 
(1 ml) and 85% orthophosphoric acid (190 mg, 2.5 mmoles). 
The solution was treated with dicyclohexylearbodiimide (2.06 g, 
10 mmoles) at room temperature for 48 hours. The precipitated 
dicyclohexylurea was filtered off and washed with water. Pyri- 
dine was extracted with ether and the combined filtrate and 
washings reduced to dryness in a vacuum three successive times. 
The residue was dissolved in water and the resultant solution 
passed through a column of acid-washed Norit A. The column 
was washed with water and 0.1 mM ethylenediaminetetraacetic 
acid (21) (pH 7.0), and the nucleotides were eluted with 5% pyri- 
dine. Pyridine was removed by evaporation. The nucleotides 
were recovered in 60 to 65% yield from the charcoal column. 

The nucleotides were then adsorbed on a column of Ecteola- 
formate (Bio-Rad Laboratories, Richmond, Calif.) (3 x 6 cm) 
and eluted with triethylammonium formate (pH 4.5) (22). 
A linear gradient technique was used with water (300 ml) in the 
mixing flask and | M triethylammonium formate (300 ml, pH 4.5) 
in the reservoir. The eluent was changed to 1.5 M triethyl- 
ammonium formate (pH 4.5) when the second peak began to 
appear (after 400 ml of eluate). A third peak, corresponding to 
thioguanosine 5’-triphosphate, appeared after 100 ml of 1.5  tri- 
ethylammonium formate. The third fraction was lyophilized, the 
residue dissolved in water, and 200 mg of magnesium acetate 
were added; the triphosphate was precipitated as the magnesium 
salt by the addition of alcohol (3 volumes). The precipitate was 
collected by centrifugation. It was dissolved in a small amount 
of water and reprecipitated by the addition of ethanol. The pre- 
cipitate was washed with absolute ethanol, then with ether, and 
finally dried in a vacuum. The yield of the triphosphate nu- 
cleoside was 25 umoles (25%). The compound was converted 
to the sodium salt by passage through a Dowex 50 (Nat) col- 
umn and stored as such; solutions of it were prepared as needed. 

The ratio of base as estimated spectrophotometrically, total, 
and labile phosphate was found to be 1:3.5:2.0. These values 
are comparable with the data obtained from crystalline disodium 
adenosine triphosphate under identical conditions. Paper 
chromatography in Solvents IT and III showed single spots (Rr 
0.07 and 0.09, respectively). 

Preparation of 6-Mercaptopurine Ribonucleoside 5'-Triphos- 
phate (Id)—This was prepared in an identical manner as de- 
scribed for thioguanosine 5’-triphosphate starting with 65 umoles 
of the mononucleotide. Combined nucleotides were eluted 
from the charcoal column in 60% yield with 50% ethanol con- 
taining 2% ammonium hydroxide. 

After adsorption on an Ecteola-formate column (3 X 6 cm), 
the nucleotides were eluted with a linear gradient. The mixing 
flask contained water (300 ml) and the reservoir, 300 ml of 0.5 m 
triethylammonium formate (pH 4.5). The eluent was changed 
to 1 M triethvlammonium formate when the second peak began 
to appear (400 ml). The third peak containing the triphosphate 
nucleoside was evaporated in a vacuum to a small volume and 
the triphosphate precipitated as the magnesium salt as described 
above. The yield was 18 umoles (380%). 

The ratio of base as estimated spectrophotometrically, total, 
and labile phosphate was found to be 1:3.4:2.0. A sample of 
crystalline disodium adenosine triphosphate when analyzed 
simultaneously gave comparable data. Paper chromatography 
in Solvents II and III showed single spots (Rr 0.08 and 0.09, 
respectively). 

Amino Acid Incorporation Experiments—Studies were carried 


Analogue-containing Coenzymes and Amino Acid Incorporation 


Vol. 236, No. 4 


out with the amino acid incorporating system in vitro as described 
by Keller and Zamecnik (23). Each incubation mixture cop. 
tained the following: 0.3 ml of pH 5 enzymes (about 2 to 4 mg of 
protein), 0.6 ml of microsomal suspension (about 4 to 8 mg of 
protein), 10 uzmoles of phosphocreatine or phosphoenolpyruvate, 
0.01 mg of creatine kinase or 0.01 ml (approximately 2 mg of 
protein) of the lactic dehydrogenase preparation containing 
pyruvic kinase, 1.0 umole of ATP, 10 uwmoles of MgClo, and the 
desired amount of the ribonucleoside 5’-triphosphate, all in g 
total volume of 1.0 ml. The pH 5 enzymes and washed micro- 
somes were prepared freshly for each experiment and identical 
quantities of each were employed throughout each experiment, 
However, since the amounts of each tissue fraction employed 
varied with each preparation, direct quantitative comparisons 
between experiments are not valid. All nucleotide concentra- 
tions were verified spectrophotometrically at the time of assay, 
The reaction was started by addition of 0.1 umole of L-leucine-C¥ 
and the mixture was incubated for 15 minutes at 37°. After 
incubation the protein was precipitated and prepared for counting 
according to Siekevitz (24). The dried protein was counted ina 
windowless gas flow counter. 
minute per mg of protein and are corrected for self-absorption by 
extrapolation to infinite thinness. 


RESULTS 


Effect of Analogue-containing Coenzymes on Amino Acid In- 
corporation into Microsomal Protein—Fig. 1 shows the results of a 
typical experiment in which the amount of GTP added to the 
incubation mixture was varied. Incorporation was minimal in 
the absence of GTP; the marked stimulation of incorporation by 
GTP is very evident and is comparable to that reported by others 
(23). The amount of amino acid incorporation in the absence of 
added GTP varies somewhat from experiment to experiment 
(Figs. 1 to 3) and probably reflects the varying amounts of 
residual GTP remaining in the different tissue extracts employed 
in each experiment. 
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Fic. 1. The effect of GTP and 8-AzaGTP concentrations on in- 
corporation of labeled amino acid into protein. 
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creatine kinase, 0.01 mg; magnesium chloride, 10 wmoles; washed 


microsomes and pH 5 enzymes in identical amounts in each incuba- 


tion mixture (see amino acid incorporation experiments in text); 

GTP or 8-AzaGTP (sodium salts) in the amounts indicated. 
Fig. 2. The effect of GTP and of GTP + 8-AzaGTP on the in- 

corporation of labeled amino acid into protein. 
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To test the possible inhibition of protein synthesis by the 
5’-ribonucleoside triphosphates of 8-azaguanine, thioguanine, 
and 6-mercaptopurine, experiments were conducted in which a 
constant concentration of the nucleotides (0.1 mole) was in- 
eluded in the incubation mixture. If these compounds were 
capable of inhibiting protein synthesis after conversion to ribo- 
nucleoside triphosphates, they could possibly act by competition 
in this system with the natural coenzyme, GTP. As can be seen 
from Fig. 2, inclusion of 8-Azaguanosine 5’-triphosphate in the 
incubation mixture resulted in no inhibition of the incorporation 
in vitro of labeled amino acid. Similar results were obtained 
when either thioguanosine 5’-triphosphate or 6-mercaptopurine 
ribonucleoside 5’-triphosphate was included in the reaction mix- 


ture 


Figs. 1 and 3 show results of experiments in which the concen- 
trations of 8-azaguanosine 5’-triphosphate and thioguanosine 
5'-triphosphate were varied in the absence of added GTP. It 
can be seen that these compounds apparently substitute for GTP, 
although with lowered activity even at optimal concentrations. 

Preliminary Tests of Chemotherapeutic Activity of Ribonucleo- 
side 5'-Phosphates of Thioguanine and 6-Mercaptopurine—The 
rationale for testing the antitumor action of purine analogue- 
containing ribonucleotides has already been given (25). There- 
fore, we have compared the carcinostatic activity of the free 
bases, ribonucleosides, and ribonucleoside 5’-phosphates of 
thioguanine and 6-mercaptopurine against Adenocarcinoma 755 
in BDF; male mice.! In each case, equimolar amounts of base, 
ribonucleoside, and ribonucleoside 5’-phosphate were admin- 
istered (thioguanine series, single doses of 6.6 umoles per kg of 
body weight; 6 mercaptopurine series, single daily doses of 217 
umoles per kg of body weight, each series for 10 days starting the 
2nd day after tumor inoculation). The animals were killed and 
the tumors weighed on the 29th day. 

Although only 2 of 20 untreated animals survived, all those 
treated were living at the termination of the experimental period. 
In all treated groups the animals gained in body weight and 
tumor growth was markedly suppressed. However, the anti- 
tumor activities of the nucleotides were comparable to those of the 
bases, suggesting no advantage in administering the drugs as the 
nucleotides. It remains to be established whether nonsensitive 
tumors including those with acquired resistance will show dif- 
ferential or renewed susceptibility when the antimetabolite is 
administered as the mononucleotide. It has been shown (26-30) 
that resistance to these drugs may develop through loss of ability 
toconvert the free base to the mononucleotide. 


DISCUSSION 


The above findings appear to rule out one of the possible sites of 
action of these purine antimetabolites, 7.e. direct effect by the 
formation of ‘‘fradulent”’ triphosphate nucleosides that compete 
with the natural nucleotide, GTP, in the transfer of amino acids 
t0 microsomal protein. 8-Azaguanosine 5/-triphosphate and 


but serve as partial substitutes for GTP. 

However, the possibility has not been eliminated that inhibi- 
tion of protein synthesis by antipurines occurs at the coenzyme 
rather than the nucleic acid level. Other reactions requiring 
GTP may be inhibited and exert indirect effects. Also to be 


'We are grateful to Mr. Bernard Kline of the Wisconsin Alumni 
Research Foundation for performing these tests. 
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Fig. 3. The effect of GTP and thio-GTP concentrations on in- 
corporation of labeled amino acid into protein. Each incubation 
mixture was as described in Fig. 1 except that the creatine phos- 
phate was replaced by 10 umoles of phosphoenolpyruvate and 
creatine kinase was replaced by 0.01 ml of lactic dehydrogenase 
containing pyruvic kinase. Each incubation mixture contained 
either GTP or thio-GTP in the indicated amount. 


examined is the question of whether the analogues inhibit GTP 
synthesis and thus secondarily affect coenzyme action. It has 
already been shown (10) that 8-azaguanosine 5’-phosphate can 
react with nucleotide transphosphorylases forming 8-azaguano- 
sine 5’-triphosphate. Presently under study is the effect of 
analogue-containing nucleotides on the individual enzymes in 
this pathway. | 

In interpreting the above results one must consider the pos- 
sibility that the analogues do not replace GTP but rather act by 
diverting the amino acids to a different end product. Much 
more needs to be learned of the exact mechanism by which GTP 
promotes amino acid incorporation before such alternative 
explanations can be ruled out. 


SUMMARY 


Thioguanosine 5’-triphosphate and 6-mercaptopurine ribonu- 
cleoside 5’-triphosphate are preparable in good yields from their 
respective nucleosides by wholly chemical methods. 

The ribonucleoside 5’-triphosphates of 8-azaguanine, thio- 
guanine, and 6-mercaptopurine do not inhibit the incorporation 
in vitro of amino acids into microsomal protein. Partial sub- 
stitution for guanosine triphosphate is effected by 8-azaguanosine 
and thioguanosine 5’-triphosphates. | 


REFERENCES 


. Orrey, L., J. Pharmacol. Exptl. Therap., 116, 339 (1955). 

. CREASER, E. H., Nature (London), 176, 899 (1955). 

. CREASER, E. H., Biochem. J., 64, 539 (1956). 

. FuxumotTo, J., YAMAMOTO, T., AND Tsuru, D., Nature (Lon- 

don), 180, 438 (1957). 

. CHANTRENNE, H., Rec. trav. chim., 77, 586 (1958). 

MANDEL, H. G., AND ALTMAN, R. L., J. Biol. Chem., 235, 2029 
(1960). 

. CHANTRENNE, H., aND Devrevux, S., Exptl. Cell Research, 

(suppl.) 6, 152 (1959). 

. Kvam, D. C., ANp Parks, R. E., Jr., J. Biol. Chem., 236, 2893 

(1960). 


oN OM 


ibed 
1g of 
Vate, 
ig of 
ining 
1 the . 
ina | 
tical | 
ent. 
loyed | 
ntra- 
wssay. | 
| 
After | 
inting 
dina 
ts per 
on by | 
In- 
tsofa 
to the 
al in 7 
ion by 
others 
nce of 
iment 
nts of 
ployed 
— 


1162 


. LEE, N. D., Cancer Research, 20, 923 (1960). 
. Way, J. L., Dan, J. L., Parks, R. E., Jr., J. Biol. Chem., 


234, 1241 (1959). 


. Fox, J. J.. Wempen, I., Hampton, H., anp Doerr, I. J., J. 


Am. Chem. Soc., 80, 1669 (1958). 


. Way, J. L., anp Parks, R. E., Jr., J. Biol. Chem., 231, 467 


(1958). 


. Hurst, R. O., anp Butter, G. C., J. Biol. Chem., 198, 91 


(1951). 


. Gorvon, M. P., ano Brown, G. B., J. Biol. Chem., 220, 927 


(1956). 


. PaLtapini, A. C., AND Le.orr, L. F., Biochem. J., 51, 426 (1952). 
. Haui, R. H., anp Kuorana, H. G., J. Am. Chem. Soc., 76, 


5056 (1954). 


. ANAND, N., CLark, V. M., Hatt, R. H., anp Topp, A. R., J. 


Chem. Soc., 3665 (1952). 


. CuaMBeRs, R. W., Morratt, J. G., anp Kuorana, H. G., 


J. Am. Chem. Soc., 79, 3747 (1957). 


. TeNER, G. M., J. Am. Chem. Soc,, in press. 


A nalogue-containing Coenzymes and Amino Acid Incorporation 


20. 
21. 


22. 
23. 


Vol. 236, No, 4 


M., anp Kuorana, H. G., J. Am. Chem. Soc., 80, 114] 
(1958). 

PontTis, H. G., Canis, E., ann Lexorr, L. F., Biochim. 
Biophys. Acta, 26, 146 (1957). 

PoraTH, J., Nature (London), 175, 478 (1955). 

KELLER, E. B., AND ZAMECNIK, P. C., J. Biol. Chem., 221, 45 
(1956). 


. SIEKEVITZ, P., J. Biol. Chem., 195, 549 (1952). 
. Dant, J. L., Way, J. L., AND Parks, R. E., Jr., J. Biol. Chem.., 


234, 2998 (1959). 


Brockman, R. W., Bennett, L. L., JR., Stmpson, M. 


Witson, A. R., THomson, J. R., anp Skipper, H. E., Cancer 
Research, 19, 856 (1959). 


. BrockMAN, R. W., Cancer Research, 20, 643 (1960). 
. Davipson, J. D., Cancer Research, 20, 225 (1960). 
. Paterson, A. R. P., Can. J. Biochem. and Physiol., 38, 1117 


(1960). 


. Paterson, A. R. P., Can. J. Biochem. and Physiol., 38, 1129 


(1960). 


7 


| 
9 
= 
26 
15 
27 
29 
— 
fr 
er 
Ca 
gl 
pl 
F. 
fo 
| 
de 
pr 
Sc 
| ot 
We 
ly 
aq 
gh 
to 
wi 
Ch 
it 
Wa 
Fh 
| 
D) 
ter 
na 
Fa 


, No. 4] Tue Jovrnat or BroLocicay 
Vol. 236, No. 4, April 1961 
Printed in U.S.A. 


80, 1141 


chim. et 
, 221, 45 
Chem., 


M. Ss. 
, Cancer 


38, 1117 
38, 1129 


Dihydrofolic Reductase from Streptococcus faecalis R 


R. L. BLAKLEY AND BARBARA M. McDouGALu 


From the Department of Biochemistry, John Curtin School of Medical Research, Australian 
National University, Canberra, A. C. T., Australia 


(Received for publication, September 4, 1960) 


Enzymes catalyzing the reduction of pteroylglutamic acid 
and dihydropteroylglutamic acid by reduced pyridine nucleotides 
have been partially purified from chicken liver (1-3) and sheep 
liver (4). No such enzyme has previously been reported to be 
present in microorganisms, although a folic reductase requiring 
coenzyme A and an electron donor such as serine, pyruvate, or 
a-ketoglutarate has been partially purified from Clostridium 
sticklandit (5). 

In this paper the partial purification of dihydrofolic reductase 
from Streptococcus faecalis R is reported and some of the prop- 
erties of this bacterial enzyme are described. 


EXPERIMENTAL PROCEDURE 
Materials and Methods 


The following chemicals were obtained from the Sigma Chemi- 
cal Company: glucose 6-phosphate (crystalline barium salt); 
glucose 6-phosphate dehydrogenase (activity, 800 umoles of 
TPN reduced per min per g); TPN (95% pure); TPNH (chemi- 
cally reduced, 90% pure); DPNH (enzymatically reduced, 90% 
pure); flavin mononucleotide; and p-chloromercuribenzoate. 
FAD (90% pure) was obtained from the California Corporation 
for Biochemical Research. 

Most preparations of folate-H2. were made by the method of 
Futterman (1) from commercial folic acid purified as previously 
described (6). In later experiments crystalline folate-H. was 
prepared by a modification of the method of Futterman (7). 
Solutions were prepared by dissolving folate-He in 0.1 m phos- 
phate buffer, pH 7.0, containing 5 mm dimercaptopropanol, and 
were kept at 0°. dl-t-Tetrahydrofolate was prepared by cata- 
lytic hydrogenation of purified folic acid over platinum in neutral 
aqueous solution (8). Aminopterin and WN?!°-methylpteroyl- 
glutamic acid were gifts from Dr. T. H. Jukes of Lederle Labora- 
tories. The former compound was purified as described else- 
where (8). 

N,N-DEAE-cellulose was obtained from Eastman Organic 
Chemicals, and triethylaminoethyl cellulose was prepared from 
it by the method of Porath (9). 2,3-Dimercaptopropan-1-ol 
was obtained from Bios Laboratories, Inc., New York, and from 
Fluka, Inc., Buchs, Switzerland. 

Spectrophotometric results were obtained with a Beckman 
DK2 ratio recording spectrophotometer with the use of constant 
temperature cells maintained at 25°. 

Protein concentration was measured by the methods of Gor- 
nall, Bardawill, and David (10) and of Lowry, Rosebrough, 
Farr, and Randall (11). 

The extract was prepared from S. faecalis Rogers (ATCC 
8043). The details of the methods used for the maintenance 


of the organism, the growth of the cells, and the preparation of 
the extract are described elsewhere (8). After harvesting, the 
cells were washed with 0.01 m phosphate buffer, pH 7.4, con- 
taining 1 mm EDTA! and resuspended in this solution for disrup- 
tion in the Raytheon sonic oscillator as previously described (8). 

Method of Enzyme Assay—The assay for dihydrofolic reductase 
was carried out by a method similar to that of Osborn and Huen- 
nekens (2), and depended on determination of the rate of decrease 
in the extinction at 340 my when folate-H. and TPNH were 
incubated with the enzyme. The standard system contained 
0.05 m phosphate buffer, pH 6.3, 0.067 mm folate-H2, 0.067 mm 
TPNH, 2.5 mm dimercaptopropanol, and enzyme in a total 
volume of 3 ml. The temperature of incubation was 25° and 
the reference cell contained water. 2,3-Dimercaptopropanol 
was used instead of 2-mercaptoethanol (2) since it is more effi- 
cient than 2-mercaptoethanol in protecting folate-H, from oxida- 
tive decomposition (12). 


RESULTS 


Effect of Components on Enzyme System—The results of these 
studies are shown in Table I. Decrease in extinction at 340 
my in the absence of TPNH, folate-H2, or enzyme is very small. 
Similar results were obtained with crude extracts so that the 
assay was applicable at all stages during the purification of the 
enzyme. 

Purification—The purification of a typical preparation of the 
bacterial extract was as follows. The extract, volume 70 to 75 
ml, containing 19 to 26 mg of protein per ml, and having a 
specific activity of 10 to 33 mumoles of folate-H. reduced per 
minute per mg, was applied to a triethylaminoethyl cellulose 
column (11 xX 3 cm) which had been equilibrated with 0.01 m 
potassium phosphate buffer, pH 7.4, containing 1 mm EDTA. 
All buffer solutions subsequently used in the purification con- 
tained 1 mm EDTA, in absence of which the enzyme was un- 
stable. The column was then washed with 0.01 m phosphate 
buffer, pH 7.3, and a measure of the protein in the effluent ob- 
tained by determining the absorbancy at 280 mu. When the 
absorbancy had decreased to approximately 0.8, the buffer was 
changed to 0.05 m phosphate, pH 7.3. Elution with this buffer 
was continued until the absorbancy of the effluent had fallen to 
0.08; the column was washed with a further 500 ml of the same 
buffer. The reductase was eluted with 1000 ml of 0.1 m potas- 
sium phosphate buffer, pH 7.3, and the eluate was dialyzed 
overnight against 2 changes of 3000 ml of 0.01 m sodium acetate. 
(The solution of 0.01 m sodium acetate and mm EDTA was at 


1The abbreviation used is: EDTA, ethylenediaminetetraace- 
tate. 
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TABLE I 
Effect of components of enzyme system on 
dihydrofolic reductase activity 
The complete system was as described in the ‘‘Materials and 
Methods” section and contained 2 ml of extract (less than 10 ug 
of protein). 0.067 mm DPNH was added instead of TPNH where 


indicated. 
Folate-Hz reduced 
mpmoles/min 
Less TPNH, DPNH added.................. 2.6 
Less TPNH and folate-H2 , DPNH added.... 0.7 
TABLE II 
Purification of dihydrofolic reductase 
Specific activity 
‘mymoles folate- 
Fraction Protein 2 reduced per | Recovery 
min per mg of 
protein 
mg % 
Sonicate | «1943 12 (100) 
Eluate from first column 62.8 231 62 
Eluates from second column: 
Fraction 1 1.03 4650 - 21 
2 0.90 3260 | 13 
3 0.64 1775 © 5 
4 0.62 920 -2 
0.70 160 0.5 


approximately pH 7.) The dialyzed extract was cautiously 
adjusted to pH 5.3 with 5 N acetic acid and applied to a triethyl- 
aminoethyl cellulose column (11- xX 3-cm) which had been 
equilibrated with 0.01 mM sodium acetate buffer, pH 5.3. The 
column was washed with 250 ml of the same solution and this 
was followed by 250 ml of 0.05 m sodium acetate buffer, pH 5.3. 
The reductase was eluted with 500 ml of 0.1 m sodium acetate 
buffer, pH 5.3, and the effluents were collected in five 100-ml 
fractions. These five fractions were each adjusted to pH 7, 
dialyzed overnight against 0.01 m potassium phosphate buffer, 
pH 7.3, and the specific activities determined. The details of 
the purification procedure for a typical preparation are recorded 
in Table II. 

Formation of Tetrahydrofolate—With a purified extract it was 
possible to demonstrate that the ultraviolet absorption spectrum 
of folate-H. was changed to the characteristic spectrum for 
folate-H, at the end of the reaction (Fig. 1). TPNH was kept 
fully reduced in both sample and reference cells by the glucose 
6-phosphate dehydrogenase system. As noted elsewhere (13), 
the values of \max and the molecular absorbancy of the folate-H, 
produced in the dihydrofolic reductase system agree closely with 
those obtained for dl-L-folate-H, produced nonenzymatically. 
Since folate-H, has a lower absorbancy at 340 mu than folate-H: 
(Fig. 1), the decrease in absorbancy at 340 my produced in the 
standard assay system by dihydrofolic reductase is the sum of 
that caused by the conversion of folate-H: to folate-H, and by 
the oxidation of TPNH. Under the experimental conditions, 


Dihydrofolic Reductase 


reduction of folate-H. contributed a decrease of about 0.36 in 
the absorbancy at 340 mu. 

Effect of pH—The variation of the activity of dihydrofolic 
reductase with pH is shown in Fig. 2. The activity showed an 
optimum at pH 6.7 and fell to about half the optimum value at 
pH 5.3 and at pH 8. 

Relationship between Enzyme Activity and Amount of Protein— 
The relationship between dihydrofolic reductase activity and 
the amount of protein added to the system is shown in Fig. 3, 
The activity was proportional to the amount of protein up to 
5 wg, the greatest amount tested. 

Time Course of Reaction—In the absence of folate-H» (Fig. 44), 
or of TPNH (Fig. 4B) from the complete system, there was 
slow rate of decrease in the absorbancy at 340 mu. When the 
complete system was incubated, however, the rate of decrease 
of the absorbancy at 340 my was rapid at first but diminished 
until it became zero (Fig. 4). Addition of TPNH (Fig. 4C) or 
folate-H. (Fig. 4D) at this point produced only a very slow 
decrease in absorbancy at 340 muy, similar to that obtained when 
TPNH or folate-H2 were incubated singly with the enzyme (Fig. 
4A and B). This indicated that the reaction had reached com- 
pletion and that equimolar amounts of TPNH and folate-H; had 
reacted. Since the total change in absorbancy at 340 my under 
the experimental conditions was 0.78, and since 200 myumoles 
of each substrate were present, a decrease of 0.01 in the absorb- 
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Fic. 1. Conversion of dihydrofolate to tetrahydrofolate by — 


dihydrofolic reductase. 


5 mm dimercaptopropanol, 0.1 mg of glucose 6-phosphate dehy- 
drogenase, 3.3 mM glucose 6-phosphate, 0.067 mm TPNH, 0.067 
mM folate-H2, and 20 ug of enzyme. The reference cell contained 
the same components with the exception of folate-H2. The spec- 
trum was examined before the addition of TPNH to the cells and 
again when the reaction was completed. A, initial spectrum, 
B, final spectrum. 


The reaction mixture contained in 8 : 
total volume of 3 ml of 50 mm potassium phosphate buffer, pH 6.1, © 
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ancy at 340 my corresponded to the reaction of 2.6 mumoles of 
dihydrofolate and of TPNH. 

Reversal of Dihydrofolic Reductase Reaction—Two methods 
were used in an attempt to detect the reverse reaction which 
would produce folate-H. and TPNH from folate-H, and TPN. 
After the forward dihydrofolic reductase reaction in the stand- 
ard system, containing sufficient enzyme to produce initially 
66.5 mumoles of folate-H, per minute, had reached completion 
(as in Fig. 4) TPN was added to give a 0.5 mm concentration. 
No increase in absorbancy at 340 my occurred on 25 minutes 
further incubation, however, indicating that the reaction was 
not reversible. To confirm this result, chemically prepared 
dl-t-folate-H, was incubated with dihydrofolic reductase in 
several different buffers, viz. 0.05 m concentrations of potassium 
phosphate, pH 6.7, tris(hydroxymethy]l)aminomethane-maleic 
acid, pH 6.4, and imidazole, pH 6.0. Since folate-Hy, is readily 
oxidized, formation of folate-H, by oxidants other than TPN 
was excluded from influencing the results of this experiment by 
having all the components except TPN in the reference cell. 
There was no significant increase in the absorbancy at /340 muy, 
confirming the above result. 

Specificity for TPNH—The effect on dihydrofolic reductase 
activity of replacing TPNH with DPNH is shown in Table 1. 
The rate of reaction in the presence of DPNH was only slightly 
greater than the blank value obtained in the absence of TPNH 
and DPNH. Dihydrofolic reductase, therefore, appears to be 
specific for TPNH. The K,, value obtained for TPNH by a 
Lineweaver-Burk plot of the reciprocal of the velocity against 
the reciprocal of TPNH concentration was 4.6 x 10-5 M. 

Specificity for Dihydrofolate—When folate-H2 was replaced by 
folate in the standard system there was no detectable change in 
the absorbancy at 340 mz. Folate was tested also with DPNH 
instead of TPNH but, again, there was no detectable reaction. 
However, dihydropteroyltriglutamic acid was reduced by TPNH 


FOLATE.H, REDUCED (mpMOLES / MIN.) 
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Fig. 2. Effect of pH on dihydrofolic reductase. The reaction 
mixture contained in a total volume of 3 ml, 2.5 mm dimercapto- 
propanol, 0.067 mm TPNH, 0.067 mm folate-H2, 4.8 ug of enzyme, 
and 50 mm buffer. ©, sodium acetate buffer; @, potassium phos- 
phate buffer. 
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Fig. 3. Relationship between amount of protein and dihydro- 
folic reductase activity. The standard assay system contained 
the amounts of protein indicated. 
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Fic. 4. Time course of the dihydrofolic reductase reaction. 
The standard assay system contained 2 ml of enzyme solution 
(protein concentration less than 10 wg per ml). A, TPNH 
omitted; B, folate-Hz omitted, 0.05 mm TPNH concentration; 
C, 0.2 umoles of folate-H2 added; D, 0.15 wmoles of TPNH added. 


in the presence of the enzyme. The K,, for folate-Hz, as calcu- 
lated from the Lineweaver-Burk plot, was 4.0 x 10-° um. A 
similar Lineweaver-Burk plot for dihydropteroyltriglutamic 
acid was also linear, and the K,, calculated was 4.0 « 10-5 m. 
Effect of Pteridines Related to Dihydrofolate on Dihydrofolic 
Reductase—Aminopterin has been reported to be a strong, non- 
competitive inhibitor of dihydrofolic reductase (1). With the 
enzyme used in these experiments, it was necessary to preincu- 
bate the enzyme with aminopterin to obtain the maximal inhibi- 
tory effect. If no period of preincubation was allowed, the 
Lineweaver-Burk plots obtained in the presence of the inhibitor 
were intermediate between those typical of competitive inhibi- 
tion and those typical of noncompetitive inhibition. However, 
when aminopterin was preincubated for 10 minutes with enzyme, 
buffer, and dimercaptopropanol before adding TPNH and folate- 
H:2, the results were characteristic of noncompetitive inhibition. 
The K; was calculated at two different concentrations of amino- 
pterin; with the use of 2.65 x 10-° mM aminopterin the K; was 
2.91 xX 10-* m, and with 5 x 10-* m aminopterin the K; was 
1.96 < 10-* M, giving a mean value of 2.4 « 10-9 m. 
2-Deaminopteroylglutamic acid had no effect on reductase 
activity. Folic acid and N°-methylpteroylglutamic acid both 
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TaB_e III dimercaptopropanol was added to give a final concentration of 


Effect on dihydrofolic reductase of pteridines 
and sulfhydryl reagents 


The standard enzyme system was used with 2.3 wg of enzyme in 
Experiment 1, 10ug in Experiment 2, and 11 ywg in Experiment 3, 
but in Experiments 2 and 3 no dimercaptopropanol was present 
in the reaction mixture and the extract was dialyzed against 0.01 
M potassium phosphate buffer, pH 7.3, to remove EDTA. In 
Experiments 1 and 3, the reaction mixture (with the exception 
of folate-H. but including inhibitor) was preincubated for 10 
minutes and the reaction then started by the addition of folate- 
Hoe. 


Additions 
impmoles/min 
1 None 10 
Folie acid (0.1 mm) 4 
N?}°-methylpteroylglutamate (0.1 mM) 2 
N?°-methylpteroylglutamate (0.03 mm) 3 
2 None 54 
p-Chloromercuribenzoate (0.33 mm) 28 
p-Chloromercuribenzoate (0.33 mm), di- 52 
mercaptopropanol (0.17 mm) 
3 None 35 
Sodium arsenite (10 mm) 41 


inhibited the reductase (Table III, Experiment 1), although the 
concentrations necessary to cause 60 to 80% inhibition were 
about 10‘ times higher than the concentration of aminopterin 
required. Folic acid produced about half as much inhibition 
as N!°-methylpteroylglutamic acid at a similar concentration. 

Effect of Sulfhydryl Reagents—To examine the effect of sulf- 
hydryl reagents on the reductase system, it was necessary to 
omit dimercaptopropanol from the enzyme system and to remove 
EDTA from the enzyme preparation by dialysis overnight 
against phosphate buffer. For these experiments folate-H2 was 
dissolved in 0.1 m phosphate buffer, pH 7.4, immediately before 
use. The effect of p-chloromercuribenzoate is shown in Table 
III (Experiment 2), a final concentration of 0.33 mM causing 
approximately 50% inhibition. 

When an attempt was made to test the ability of dimer- 
captopropanol to reverse the inhibition produced by p-chloro- 
mercuribenzoate, it was found that, under certain conditions, 
dimercaptopropanol reacted nonenzymatically with p-chloro- 
mercuribenzoate causing the absorbancy at 340 muy to increase 
rapidly. This was demonstrated by the following experiment. 
The absorbancy at 340 my of 0.33 mm p-chloromercuribenzoate 
in 0.05 m phosphate buffer, pH 6.3, was 0.03. On the addition 
of dimercaptopropanol to give a concentration of 0.1 mm, the 
absorbancy increased rapidly (0.05 per minute). This was 
found to be caused by reaction between dimercaptopropanol 
and p-chloromercuribenzoate to produce a change in the spec- 
trum of p-chloromercuribenzoate similar to that produced by 
other sulfhydryl compounds (14) except that the spectrum curve 
exhibited a “tail” of low absorption extending into the near 
ultraviolet region. 

When the concentration of dimercaptopropanol was increased 
to 0.17 mM, the increase in absorbancy ceased and higher con- 
centrations of dimercaptopropanol diminished the absorbancy 
at 340 mu. If, toa 0.33 mM solution of p-chloromercuribenzoate, 


0.17 mm or higher, then there was no change in the absorbancy 
from the reading of 0.03. In such cases, when more than 0.5 
moles of dimercaptopropanol were added per mole of p-chloro- 
mercuribenzoate, the change in spectrum of the latter was similar 
to that produced by monosulfhydryl compounds (14), which 
accounts for the fact that the absorbancy at 340 my did not 
increase under these conditions. The anomalous behavior 
observed when less than 0.5 mole of dimercaptopropanol was 
present per mole of p-chloromercuribenzoate may perhaps be 
attributed to combination of two molecules of p-chloromercuri- 
benzoate with each molecule of dimercaptopropanol under these 
conditions. It may be assumed that, as the relative concentra- 
tion of dimercaptopropanol is increased, the 1:2 compound igs 
converted to the 1:1 compound. No anomalies were observed 
when reduced glutathione was added to solutions of p-chloro- 
mercuribenzoate. If the concentration of dimercaptopropanol 
was at least half that of p-chloromercuribenzoate, the anomalous 
reaction did not interfere with observations on dihydrofolic 
reductase by the spectrophotometric method. Under these 
conditions, the inhibition of reductase caused by 0.33 mm p.- 
chloromercuribenzoate was completely reversed by 0.17 ma 
dimercaptopropanol (Table III, Experiment 2). 

Preincubation of the enzyme with 10 mM sodium arsenite in 
the presence of TPNH had no significant effect on the activity 
of the reductase preparation (Table III, Experiment 3). 

Effect of FAD and Flavin Mononucleotide—Since it has been 
claimed that flavins may be components of folic reductase (15), 
an investigation was made into the effect of adding 10-5 m FAD 
or 10-5 m flavin mononucleotide to une enzyme, either with the 
substrates or 10 minutes before the addition of the substrates. 
Neither FAD nor flavin mononucleotide produced significant 
stimulation with enzyme as normally prepared, enzyme treated 
with charcoal for 20 hours at neutral pH, or enzyme treated with 
charcoal for 20 minutes at pH 4. 


DISCUSSION 


The experiments reported here demonstrate that dihydrofolic 
reductase occurs in S. faecalis R in much greater amounts than 
in chicken liver (cf. (2)). Furthermore, in the presence of mm 
EDTA, the dihydrofolic reductase of bacterial extracts lost little 
activity over a period of several weeks whereas it was found 
that enzyme prepared from chicken liver according to Osborn 
and Huennekens (2) lost activity very rapidly. The stability 
of the enzyme from bacteria has enabled a much greater purifica- 
tion to be achieved than that reported for the chicken liver 
enzyme. 

This is the first direct demonstration in bacteria of the partici- 
pation of pyridine nucleotide-linked enzymes in the reduction 
of folic acid to its metabolically active tetrahydro form, although 
the results of Nichol and Welch (16) permit such an inference. 
So far no pyridine nucleotide-linked enzyme capable of reducing 
folic acid to dihydrofolic acid has been isolated from bacteria, 
although a more complex enzyme system reducing folate to 
folate-H: has been reported to occur in Clostridia (5). 

As in the case of dihydrofolic reductase from chicken liver 


(1, 17), it was found that aminopterin is a strong, noncompetitive — 


inhibitor of bacterial dihydrofolic reductase. The inhibition 
by aminopterin develops progressively with incubation, approxl- 
mately 10 minutes being required for the inhibited reaction to 
reach a steady rate. If no period of preincubation of aminop- 
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terin and enzyme is allowed, the type of inhibition is inter- 
mediate between competitive and noncompetitive, but after 
preincubation the inhibition is noncompetitive. These observa- 
tions suggest that the initial enzyme-aminopterin complex under- 
goes a fairly slow, irreversible change to a product which is also 
inactive. For the effect of aminopterin on dihydrofolic reduc- 
tase, the value of A,, 2.4 X 10-° M, is approximately the same 
as that found by Osborn, Freeman, and Huennekens for the 
reductase prepared from chicken liver (17). Aminopterin 
strongly inhibits the growth of S. faecalis (18) as well as other 
bacterial species (19, 20) and it now seems probable that such 
inhibition is caused by the effect of aminopterin on the activity 
of dihydrofolic reductase. 

Conflicting results have been reported regarding the specificity 
of the dihydrofolic reductase of chicken liver. Osborn and 
Huennekens (2) reported that their preparation did not reduce 
folate. Zakrzewski (21), however, prepared an extract from 
chicken liver that reduced folate as well as folate-H2, although 
folate was reduced only at one-twentieth of the rate obtained 
with folate-Hs. The ratio of the activities remained constant 
during purification procedures and he suggested that a single 
enzyme catalyzed the reduction of both substrates. Futterman 
(1) also obtained an extract from chicken liver that could reduce 
either folate or folate-H. to folate-H,. However, TPNH was 
required for the reduction of folate, while folate-H2 was reduced 
by either TPNH or DPNH, suggesting that two different enzyme 
systems were involved. The dihydrofolic reductase of S. faecalis 
does not reduce folate at a detectable rate in the presence of 
either DPNH or TPNH. It does, however, catalyze the reduc- 
tion of dihydropteroyltriglutamate by TPNH. The dihydrofolic 
reductase of S. faecalis appeared to be specific for TPNH; no 
detectable reduction occurred with DPNH. 

In contrast to the findings of Osborn and Huennekens (2) 
with chicken liver, the reverse reaction could not be demon- 
strated with the dihydrofolic reductase of S. faecalis. Because 
of the ease with which nonenzymatic oxidation of folate-H, 
occurs, the spectrophotometric method used by Osborn and 
Huennekens is not suitable for detecting slow enzymatic oxida- 
tion of folate-H, by TPN. Since few experimental details are 
given by Osborn and Huennekens it is not possible to compare 
the rate of nonenzymatic oxidation of folate-H, occurring in their 
experiment with that which they attributed to reversal of the 
dihydrofolic reductase reaction, and it seems desirable that their 
result should be checked by a more sensitive method, such as one 
involving the use of isotopes. 

SUMMARY 

Dihydrofolic reductase, which catalyzes the reduction of 

dihydropteroylglutamic acid to tetrahydropteroylglutamic acid 


by reduced triphosphopyridine nucleotide, has been isolated 
from Streptococcus faecalis R, purified approximately 300-fold, 
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and its properties studied. The reaction was followed spectro- 
photometrically by measuring the decrease in absorbancy at 
340 mu. 

The reductase is specific for reduced triphosphopyridine 
nucleotide and the K,, for the latter is 4.6 x 10-> Mm. It also 
reduces dihydropteroyltriglutamate, but not pteroylglutamate. 
The A, values for dihydropteroylglutamic acid and dihydro- 
pteroyltriglutamic acid are 4.0 10-* m and 4.0.x 10-° Mo, 
respectively. The reaction proceeds to completion and the 
reverse reaction could not be detected. 

Aminopterin inhibits the enzyme noncompetitively and the 
value of the K; is 2.4 10-9 mM. Pteroylglutamate and 
methylpteroylglutamate are also inhibitors, but produce much 
weaker inhibition than aminopterin. The enzyme is partially 
inhibited by p-chloromercuribenzoate and this inhibition is 
reversed by dimercaptopropanol. Arsenite does not inhibit. 

The activity of dihydrofolic reductase was not stimulated by 
flavin nucleotides, either before or after charcoal treatment of 
the enzyme. 
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In previous studies on Chlorella mutants, several compounds 
were isolated which were postulated to be intermediates in chlo- 
rophyll synthesis. Protoporphyrin-9 was identified as the main 
porphyrin product from one mutant (1), magnesium proto- 
porphyrin was found in another mutant (2), and magnesium 
vinylpheoporphyrin a; in a third (3). Here we report on the 
isolation and identification of magnesium protoporphyrin mono- 
ester and of protoporphyrin monomethyl ester from mutant 
No. 60-A. We have also isolated magnesium protoporphyrin 
monoester from barley seedlings treated with 6-aminolevulinic 
acid, the details of which will be described in another paper. 


EXPERIMENTAL PROCEDURE 


Growth of Mutant and Isolation of Pigments—The Chlorella 
vulgaris mutant No. 60-A was prepared by x-irradiation (1) and 
grown in the dark on an inorganic salts-glucose-agar medium 
(1). Over a period of several days the growth on the agar sur- 
face becomes orange in color from carotenoids and magnesium 
protoporphyrin monoester. From 10 Blake bottles, each con- 
taining a liter of medium, about 75 ml of packed cells were ob- 
tained; from the latter, 0.7 mg of the magnesium protoporphyrin 
monoester was isolated. When the cells were more than 7 days 
old they became dark brown; the predominant porphyrin was 
protoporphyrin monomethy] ester, and the yield from 10 Blake 
bottles was 150 ml of packed cells. From 1 liter of packed cells, 
20.5 mg of crystalline monomethy] ester were isolated and about 
0.5 mg of the magnesium monoester. 

The procedure is given for the isolation of the pigment from 
the older cells. One liter of packed cells was mixed, in portions 
with a total of 4 liters of a solvent made of acetone plus 0.1 N 
aqueous NH,OH (9:1 volume for volume), with the aid of a 
Waring Blendor; the suspension was filtered, and the residue 
reextracted with another 2 liters of solvent, followed by filtra- 
tion. The combined filtrate was extracted with petroleum ether 
(b.p. 60-90°) to remove carotenoids and trace amounts of chlo- 
rophyll. To the aqueous phase (3.5 liters) were added 200 ml 
of saturated NaCl plus 50 ml of 0.5 m KH.PQ,, and the por- 
phyrins were extracted with ethyl ether (1.5 liters). The ether 
layer was now extracted with M/15 phosphate buffer of pH 7.4 
to 8.0. Crystalline protoporphyrin monomethy! ester collectedg 


* This investigation was supported in part by a research grant 
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at the interface and was collected by filtration. The ether solu- 
tion was concentrated by evaporation (to 200 ml) and the mag. 
nesium monoester was extracted with a solvent of 0.1 N NH,OH- 
methanol (4:1 volume for volume). 

Paper Chromatography—For the determination of the number 
of ionized carboxyl groups on side chains of a porphyrin (eg. 
propionic acid residues) a lutidine-NH,OH solvent (4) was used 
(Table 1). Standards used were crystalline porphyrin esters 
partially hydrolyzed with 6 n HCl to provide a qualitative mix- 
ture. In this system, the magnesium porphyrins have a slightly 
higher Ry than the free porphyrins. With the solvent, acetone- 
petroleum ether-acetic acid, (Table I) the presence of Mg*++,— 
COOH,—OH, or the cyclopentanone ring decreases the Ry, 
whereas a vinyl group increases it; to avoid streaking, the spots 
should contain less than 0.5 myumole of porphyrin. 

Quantitative Method for Determination of 100 yg or Less of 
Methanol in Protoporphyrin Monomethyl Ester—Steps in the 
method are the hydrolysis of the ester, distillation of the meth- 
anol, oxidation of the latter to formaldehyde, and its colorimetric 
determination with chromotropic acid (5). About 1 mg of the 
porphyrin ester was weighed on a platinum boat and added to 
bulb A of the glass vessel of Fig. 1. The porphyrin was dissolved 
in chloroform and distributed in a thin film on the bulb; the 
solvent was removed completely by evaporation. To bulb B, 
0.8 ml of an acid-oxidizing solution (3 ml of 5° H3P0O, + 5 ml 
of 5% KMn0Qs,, and 8 ml of H2O) was added through capillary 
polyethylene tubing. The bulbs are placed in a freezing mixture 
at —40°. To bulb A was added 2 ml of cold 6 N H.SO,. After 
freezing, the vessel was evacuated and sealed. Bulb A was 
warmed to room temperature while bulb B was kept in an ice 
bath. After 2 hours, the hydrolysis was complete. Bulb A was 
warmed to distill over about 0.5 ml of liquid into bulb B. Bulb 
B was removed from the ice bath. After 15 minutes at room 
temperature, the oxidation is complete (Longer times should be 
avoided.). The vessel was then opened and just enough satu- 
rated NaHSO; added to decolorize the solution. Bulb B was 
cooled to —40° and to it were added 4 ml of concentrated HSO, 
plus 0.2 ml of 2% chromotropic acid. The vessel is stoppered 
and bulb B is heated to 60° for 15 minutes, cooled and diluted 
to the 10 ml mark. The absorption of the colored solution is 


read at 580 my against a reagent blank in cells 1 em long. The 


standard colorimetric curve is a straight line with a slope of 
0.00490 O.D. per ug of CH;OH, with a deviation of +5% im 
the range of 10 to 130 wg. The method was checked with pro- 
toporphyrin dimethyl] ester. 
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Sample a, 1.068 mg: found, 120 ug of CH;0OH; theory, 116 ug 
Sample b, 1.126 mg: found, 122 wg of CH;OH; theory, 127 ug 


Characterization of Crystalline Protoporphyrin Monomethyl 
Ester from Chlorella 60-A—The substance, recrystallized from 
CHC]1;-petroleum ether or from pyridine-methanol, had identical 
properties. The reddish crystals (Fig. 2) are flat parallelopipeds 
with internal 45° angles. In the polarizing microscope, they 
exhibit parallel extinction and are strongly dichroic with their 
longer axis brown-black and the shorter pale yellow. The melt- 
ing point indicates decomposition; on slow heating (10 minutes) 
the birefringence disappears at 256-260°, and on faster heating 
(5 minutes) at 260-264°. Analysis on 3.78 mg sample: 


C32H32N, COOH-COOCH; 


Caleulated: C 72.9, H 6.25 
Found: C 72.87, H 6.35 


The methoxy] was characterized and determined quantitatively 
(see methods) on a 0.709 mg sample: Calculated: 38.4 ug of 
methanol; found: 42 yg. 

The protoporphyrin monoester was esterified to the dimethyl 
ester by treatment with methanol-concentrated H.SO, (95:5 
volume for volume) for 12 hours at 23° in the dark. The di- 
methyl ester (Fig. 3) was crystallized from pyridine-methanol. 
When heated slowly, it melted at 215-217° with complete dis- 
appearance of birefringence at 220°; when heated rapidly, it 
melted at 224° with complete disappearance of birefringence at 
228°. Under the same conditions, freshly recrystallized proto- 
porphyrin dimethyl ester, derived from blood hemin, melted in 
the identical manner. To identify the isomer type, the ‘‘natural”’ 
and “synthetic” materials were compared in the infrared spec- 
trum and were found to be identical in band positions and max- 
ima. Porphyrin isomers which have been studied (6, 7) can be 
distinguished by their infrared absorption spectra. It is there- 
fore concluded that the porphyrin from Chlorella 60-A is proto- 
porphyrin 9 monomethy] ester, belonging to the type III isomeric 
series. 

The molar absorption spectrum of the ‘natural’? compound 
as determined in a Cary No. 11 instrument is identical with that 
of protoporphyrin in 1 N HCl; and also in a CHC\l3-pyridine 
solvent (9:1 volume for volume) where FE, 407.5 mu = 163,000; 
Ey 506.5 mu = 14,100; Ey 542 mu = 11,200; Fy 576.5 mp = 
6,660; and F,, 631 mp = 5,050. 

The Rp for the descending lutidine-NH,OH system is 0.82 
(Table I) indicative of a porphyrin with one ionizable carboxyl 
group. The solubility properties also indicate that the com- 
pound is more hydrophobic than protoporphyrin. From ether 
the Chlorella compound is extracted with an equal volume of 
M/15 phosphate buffer in the range pH 7.4 to 8.0, whereas pro- 
toporphyrin is extracted between pH 5 and 6.8. The distribu- 
tion coefficient, K, between ether and 1 nN HCI at 23° is 0.085 for 
— and 0.306 for the monomethy] ester from Chlo- 


Characterization of Magnesium Protoporphyrin Monoester— 
Because of the lack of material the alcohol portion of this ester 
could not be characterized except for the fact that it is an alcohol 
of low molecular weight. The compound was identified as a 
magnesium protoporphyrin by its characteristic absorption 
spectrum in ether solution (Fig. 4) and the correct ratios of the 
maxima to each other (2). Quantitative conversion by acid 
yields a protoporphyrin spectrum (Fig. 4), the maxima of which 


TABLE I 
Ry values for some porphyrins and magnesium porphyrins 


Carboxyl number 


Compound 


Ascending lutidine method* 
Coproporphyrin isomer III tetra- 
methyl ester, partially hydro- 
Protoporphyrin-9 dimethy] ester, 
partially hydrolyzed............ 0.98 0.91 0.72 
Magnesium protoporphyrin. ...... | 0.82 | 
Magnesium vinyl pheoporphyrin | 


Vinyl pheoporphyrin a;........... | 0.89 | 
Chlorophyll a.................... 0.99 | 


Descending lutidine methodf 
Coproporphyrin isomer III tetra- 
methyl ester, partially hydro- 
0.917 0.815 0.635,0 .389 0.278 
Protoporphyrin-9 dimethyl ester, | 
partially hydrolyzed............ 0.917 0.819 0.633) 
Magnesium protoporphyrin di- 
methyl ester, synthetic, par- 
tially hydrolyzed............... 0.941 0.856 0.722 
Magnesium protoporphyrin mono- | 
ester from barley............... 0.845 
Protoporphyrin derived from mag- | 
nesium protoporphyrin mono- 
ester of barley.................. 0.630 
Crystalline protoporphyrin mono- 
ester from Chlorella 60-A........ 0.823 


Ascending acetone-petroleum ether- 
acetic methodt 
Coproporphyrin isomer III tetra- 
methyl ester, partially hydro- 
Protoporphyrin-9 dimethyl] ester, 
partially hydrolyzed............ 0.99 0.91 0.72 
Hematoporphyrin dimethyl] ester. .0.70 
Monoviny! hydroxyethyl deutero- 
porphyrin dimethyl ester. ...... 0.89 
Magnesium protoporphyrin di- 
methyl ester, partially hydro- 
Magnesium vinylpheoporphyrin | 


* Ascending method, 16 em, 23°, with solvent: 2,6-lutidine + 
0.05 N NH,OH (10 volumes to 7 volumes). 

+ Descending method, 40 em; other conditions as above. 

t Ascending method, 16 cm, 23°, with solvent of acetone, 30 ml 
+ petroleum ether (b.p. 60—90°), 70 ml + acetic acid, 0.1 ml. 


agree in theory with those obtained from the conversion of syn- 
thetic magnesium protoporphyrin to the porphyrin (2). 

The characterization as a monoester was obtained by paper 
chromatography (Fig. 5). The Re for the monoester from barley 
or the Chlorella mutant is identical with that for ‘“‘synthetic” 
magnesium protoporphyrin monomethy] ester but slightly greater 
than for protoporphyrin monomethyl ester (Table I). On acid 
hydrolysis, the “natural’’ monoester is converted to protopor- 
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---410 ml. mark 
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Fic. 1. Vessel for the hydrolysis of the porphyrin ester in Bulb 
A, distillation of the methanol into Bulb B, and its oxidation there 
to formaldehyde and reaction with chromotropic acid. 


Fic. 2. Protoporphyrin monomethy] ester from Chlorella 60-A 
(X 500). 


phyrin and moves as a porphyrin with two ionizable carboxyl 
groups. Paper chromatography with a solvent system of ace- 
tone-petroleum ether-acetic acid (Table I) is suitable for mono- 
carboxylic porphyrins; from the Rr values obtained it may be 
concluded that the esterified alcohol is a short chain rather than 
a long chain hydrophobic alcohol (e.g. phytol); also that no 
hydroxyl groups are present (e.g. as hydroxypropionic acid side 
chains). 
The characteristic solubility properties of the magnesium pro- 
toporphyrin monoester are as follows: It is not extracted from 
| ether by an equal volume of 0.1 Nn NH,OH but by a solution of 
0.1 n NH,OH-CH;0H (3:1 volume for volume). It is not im- 
mediately extracted from ether with 2 N HCl but only after a 
few minutes when magnesium ion is cleaved out; the resulting 
_monoester is extractable with 1 nN HCl. In 0.1 nw KOH, the 


| 
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magnesium monoester is hydrolyzed at 37° in 1 hour; the result- 
ing magnesium protoporphyrin when transferred to ether js 
extractable with M/15 phosphate buffer, pH 8, as is “synthetic” 
magnesium protoporphyrin. 

Magnesium Protoporphyrin Monoester from Barley—Treatment 
of etiolated barley leaves with 6-aminolevulinic acid and a,a- 
dipyridy] results in the formation of small amounts of magnesium 
monoester in addition to large amounts of protoporphyrin and 
magnesium vinyl pheoporphyrin a;. The magnesium proto- 


porphyrin monoester has properties identical with the compound _ 


isolated from Chlorella 60-A. 
DISCUSSION 


It has not been established whether, in the “natural’’ proto- 
porphyrin-9 monomethy] ester from Chlorella 60-A, the propionic 


Fic. 3. Crystals of protoporphyrin dimethyl ester (X 500) de- 
rived from Chlorella protoporphyrin monomethy!] ester. 
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Fic. 4. Identification by absorption spectra of magnesium pro- 
toporphyrin monoester isolated from barley. A. Absorption spec- 
trum in ether of magnesium protoporphyrin monoester (+ + +) 
compared with ‘‘synthetic’’? magnesium protoporphyrin 9 
B. Absorption spectrum in aqueous 3 N HCl of protoporphyrin 
(+++) derived from barley magnesium protoporphyrin mono- 
ester compared with ‘‘synthetic’’ protoporphyrin 9. 
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Carboxyl TABLE II 
number 0 Infrared extinction coefficients of porphyrins in KBr 
O O Milli- me/e KBr 
grams 
() ¢ Compound per 1 mm. 
1 OO ‘KBr 1703 140 
Protoporphyrin-di- | 
methyl ester 
Sample a....... 0.496 | 0.66 3.2 
Sample b....... 0.971 | 0.62 2.8 
. 0 9 Q Sample c....... 1.671 | 0.66 3.6 
3.2 + 0.4 (average) 
Protoporphyrin- 
monomethylester.} 0.526 | 0.63 1.1 | 1.5 
Protoporphyrin.....| 0.495 | 0.65 | 1.6 
Mesoporphyrin-di- 
3 methyl ester 
0) Sample a....... 0.600 | 0.52 2.9 
Sample b.......| 1.036 | 0.53 3.6 
4 0 3.2 + 0.4 (average) 
Mesoporphyrin.....| 1.176 | 0.68 2.4 


mex 


cd 


9 


Origin 


Fic. 5. Identification by paper chromatography of magnesium 
protoporphyrin monoester from barley (or from Chlorella 60-A) 
and its conversion by acid hydrolysis to a porphyrin (protopor- 
phyrin) with two ionizable carboxyl groups. The descending 
method with lutidine-NH,OH solvent (see Table I) was used. (a) 
Partially hydrolyzed mixture of protoporphyrin 9 dimethyl] ester. 
(b) Partially hydrolyzed mixture of coproporphyrin isomer III 
tetramethylester. (c) Partially hydrolyzed mixture of ‘“‘synthetic”’ 
magnesium protoporphyrin 9 dimethyl ester. (d) Magnesium 
protoporphyrin monoester, isolated from etiolated barley treated 
with 6-aminolevulinic acid plus a,a-dipyridyl. (e) Protoporphy- 
nn from the above magnesium protoporphyrin monoester hy- 
drolyzed with 3 n HCl. 


acid side chain 6 or 7 is esterified. It is reasonable to consider 
that it is side chain 6, because this is the one that would be oxi- 
dized and cyclized to the cyclopentanone ring in the formation 
of protochlorophyllide. In order to characterize this ester for 
future reference, its infrared spectrum is presented in an adden- 
dum to this paper by Dr. H. Jaffe. 

Because of lack of material, the alcohol residue in magnesium 


protoporphyrin monoester was not characterized. It is probable 
that it is methoxyl inasmuch as the magnesium compound ap- 
pears first in the young cells of the Chlorella mutant and then 
decreases in concentration as protoporphyrin monomethy| ester 
increases. Also, the Rp value with an acetone-petroleum ether- 
acetic acid system indicates a low molecular weight alcohol. 

The isolation from Chlorella 60-A of magnesium protoporphy- 
rin monoester, together with protoporphyrin monomethy] ester, 
and trace amounts of protoporphyrin and the magnesium deriva- 
tive suggests that this magnesium monoester is an intermediate 
in chlorophyll biosynthesis. This idea is supported by the fact 
that these compounds also have been isolated from etiolated 
barley leaves treated with 6-aminolevulinic acid. 

It is not possible from the data to definitely decide the exact 
sequence of precursors; this will have to await enzyme studies. 
On the basis of the present evidence the biosynthetic scheme may 
be presented as in Fig. 6. 


SUMMARY 


Protoporphyrin monomethyl ester has been isolated and crys- 
tallized from a Chlorella mutant 60-A. It has been characterized 
by microchemical analyses, paper chromatography, and infrared 
and visible absorption spectra. 

Magnesium protoporphyrin monoester has also been isolated 
from the Chlorella mutant and in addition from etiolated barley 
leaves treated with 6-aminolevulinic acid. 


rotoporphyrin—monomethyl ester 


? 
6-Amino levulinic acid——>Protoporphyrin 


? 


Magnesium protoporphyrin— 
monomethyl ester 


Magnesium protoporphyrin 


Fic. 6. Scheme for the biosynthesis of magnesium protoporphyrin monomethy] ester. 
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Fic. 7. Infrared absorption in the carboxy] and ester region. 
A, Protoporphyrin; B, protoporphyrin monomethyl] ester; C, 
protoporphyrin dimethyl ester. The a-band corresponds to the 
unassociated carboxylic acid absorption and the 8-band to the 
associated. 
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Fig. 8. Survey spectra from 3.5 to 15 uw of: A, protoporphyrin 


dimethyl ester (0.97 mg per 0.25 g of KBr); B, protoporphyrin 
monomethy] ester (1.05 mg per 0.25 g of KBr). 


A scheme of biosynthesis from protoporphyrin through mag- 
nesium protoporphyrin to magnesium protoporphyrin mono- 
methyl ester is discussed. 

A method is described for the quantitative determination of 
methanol in the range of 10 to 100 yg; this has been applied to 
the determination of porphyrin methyl esters. Some R,p values 
for porphyrins, magnesium porphyrins, and their esters are re- 
ported. 
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Addendum—Infrared studies are reported for the purpose of 
further characterizing the protoporphyrin monomethy] ester ob- 
tained from Chlorella mutant 60-A. Quantitative data have been 
derived for this ester and for related porphyrins, dispersed in 
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KBr disks in the following manner to minimize the background 
scattering of radiation. The porphyrin (0.5 to 1 mg) is dissolved 
in 2 ml of a (9:1 volume for volume) chloroform-pyridine mix- 
ture and 250 mg of powdered KBr (infrared quality) are added. 
The suspension is evaporated to dryness under reduced pressure. 
To remove residual traces of pyridine, CHCl; is added and evap. 
orated twice before pressing the disk. The analytical spectra 
were recorded on a Perkin-Elmer model 21 spectrophotometer 
equipped with CaF, optics, with the use of an expanded scale 
of 50 cm per y for the range 5.5 uw to 6.5 uw, and a scanning speed 
of about 1 uw per minute. The qualitative spectra were obtained 
with an M137 Infracord equipped with NaCl optics. The op- 
tical densities were obtained directly from logarithmic recordings 
and were corrected for the baseline absorption at 5.6 uw. The 
peak extinction value, EF} ™*/**®", was calculated based on 
the relative concentration of the porphyrin and the thickness of 
the KBr disk. 

The apparent extinction value of the ester band at 1740 em- 
(KBr), as determined for protoporphyrin dimethyl ester and 
mesoporphyrin dimethyl ester, was found to be essentially con- 
stant, within +10%, for the concentration range used (Table II). 
The extinction value of the ester band of the “natural’’ proto- 
porphyrin monomethy] ester is one-half that for the dimethyl 
esters (Table II, Fig. 7), hence confirming the fact that the 
compound isolated from Chlorella is a monoester. 

The carboxyl absorption is characterized by two bands at 


approximately 1730 (a@-carboxyl) and at 1705 cm-! (8-car- 


boxyl); the latter represents the associated or hydrogen-bonded 
form of the carboxyl group which may be affected by inter- and 
intramolecular interactions of the carboxylic acid groups in the 
microcrystalline structure of the porphyrins. Because a varying 
proportion of the carboxylic acid groups may be expected to 
exist in the free and hydrogen-bonded forms, according to the 
physical state of dispersion of the porphyrins as affected by the 
mode of preparation of the sample in the KBr disk, it is difficult 
to assess the carboxyl absorption quantitatively. Nevertheless, 
the relative extinction value of the protoporphyrin monomethyl 
ester in this region is distinctly less than that of the unesterified 
porphyrin, as might be expected. 

The protoporphyrin monomethyl ester isomer from Chlorella 
has not been characterized further as to the position of the ester 
group, t.e. whether it is on side chain 6 or 7; but for future refer- 
ence, a more extensive infrared spectrum of this compound is 
presented (3.5 to 15 uw, NaCl optics) in Fig. 8. On the same 
figure is also presented the spectrum of protoporphyrin dimethyl] 
ester derived from blood heme; the spectrum is identical with 
that of the dimethyl ester prepared from the monomethy] ester 
of Chlorella. Manifestly, the more characteristic spectral differ- 
ences between the monoester and the diester lie in the region 
between 5.5 and 7.5 yu, as indicated by the double arrow in the 


figure. 
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Protoporphyrin 9 is the key porphyrin in animal and plant 
cells. From this porphyrin two branches of the biosynthetic 
chain are postulated, namely, an “iron branch” and a “mag- 
nesium branch” (1). The iron branch arises by the insertion of 
iron into the ring of protoporphyrin 9 to form heme. This is 
the prosthetic group of hemoglobin, catalase, peroxidase, and 
some cytochromes. The magnesium branch arises by the in- 
sertion of magnesium into protoporphyrin 9 or protoporphyrin 
monomethyl ester (2) to form a magnesium protoporphyrin 
derivative, and by way of several intermediate steps, this sub- 
stance is converted to chlorophyll. 

The biosynthetic pathway of protoporphyrin 9 has been 
studied by many workers (3-5). The direct precursor of proto- 
porphyrin 9 has been shown to be the hexahydo form of copro- 
porphyrin isomer III (coproporphyrinogen) in a frozen-thawed 
Euglena preparation prewashed with buffer (6, 7), and in hemo- 
lyzed chicken erythrocytes (8). Evidence that mitochondria 
contained coproporphyrinogenase! was first obtained with a 
Chlorella preparation which could synthesize coproporphyrin 
isomer III but not protoporphyrin 9 from 6-aminolevulinic acid, 
but which could form protoporphyrin 9 if supplemented with 
rat liver mitochondria; the mitochondria were inactive to 6- 
aminolevulinic acid (9). Liver mitochondria were also found to 
enhance the conversion of 6-aminolevulinic acid to protopor- 
phyrin 9 by a hemolysate of human red cells (10) or by a soluble 
chicken erythrocyte preparation (11, 12). In bird erythrocytes 
the cellular particulates, presumably mitochondria, are required 
for the first and last steps in protoporphyrin 9 biosynthesis (7, 
ll), namely, for the synthesis of 6-aminolevulinic acid from 
succinyl coenzyme A and glycine (13-16), and for coproporphy- 
nnogen oxidation to protoporphyrin 9. Shemin et al. (17), how- 
ever, report that protoporphyrin 9 can be synthesized from 
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'The abbreviations used are: COPRO, coproporphyrin isomer 
III; coproporphyrinogen, hexahydro form of COPRO; PROTO, 
protoporphyrin 9; coproporphyrinogenase, the enzyme that con- 
verts coproporphyrinogen to PROTO; 6-AL, 6-aminolevulinic 
acid; PBG, porphobilinogen; 5-ALase, the enzyme that converts 
s-AL to PBG; DEUTERO, deuteroporphyrin; DDP, 2,4-diacrylic 
deuteroporphyrin; H-DDP, hexahydro form of DDP; EDTA, 
ethylenediaminetetraacetic acid; PBGase, the enzyme that con- 
verts PBG to uroporphyrinogen; protoporphyrinogen, hexahydro 
form of PROTO. 


6-aminolevulinic acid by a supernatant solution obtained from 
hemolyzed duck erythrocytes that had been subjected to 12 to 
100 10° g. 

In this paper are described the partial purification of the oxi- 
dative enzyme, coproporphyrinogenase from beef liver, some 
properties of the enzyme, and some studies on the mechanism 
of oxidation of the propionic acid side chains to viny] side chains. 
A mechanism is proposed for the control of porphyrin biosyn- 
thesis in liver cells. 


EXPERIMENTAL PROCEDURE 


Compounds Used—Coproporphyrin isomer III was prepared 
from the tetramethyl ester, m.p. 166°, remelting at 182° (deter- 
mined with a micromelting point apparatus under crossed nicols). 
The compound was isolated from a diphtheria toxin broth kindly 
supplied by Dr. F. H. Clarke of the Lederle Laboratories. The 
ester was hydrolyzed with 6 m HCl for 1 day at 25° in the dark, 
the acid evaporated in a vacuum, and the porphyrin dissolved 
in 0.01 m KOH to make a stock solution of 5 x 10-4 m and stored 
at —20°. 

Coproporphyrinogen! was prepared by reduction of a 5 xX 
10-* m COPRO solution with freshly ground 3% sodium amal- 
gam (1 g per ml of solution) under nitrogen and dim red light. 
It was filtered, without washing, through a sintered glass funnel 
and titrated to pH 7.2 with 40% H;PQO,. The yield of copro- 
porphyrinogen, as determined on oxidation to COPRO, was 85 
to 90%. 

trans-2,4-Diacrylic deuteroporphyrin was synthesized by 
Sparatore and Mauzerall (18) of this laboratory. 

trans-2,4-Diacrylic deuteroporphyrinogen was prepared by 
reduction of the porphyrin with potassium borohydride to form 
(on oxidation) a mixture of porphyrins consisting of DDP (41%), 
COPRO (3 to 4%), and intermediate porphyrins (8 to 9%) (see 
below), but no PROTO. Under nitrogen in dim red light, 0.2 
ml of 5 X 10-4‘ m DDP in 1 ml of 1 o Tris buffer, pH 8, was 
brought to nearly complete reduction with 30 mg of KBH,. 
For complete reduction the solution was cooled, made acid to 
pH 6.0 with 1.5 n HCl, and a further addition of 30 mg of KBH, 
was made. After 30 minutes, the solution was adjusted to pH 
7.1 with 1.5 n HCl and diluted with deaerated 0.1 m Tris buffer, 
pH 7.1, to about 2 xX 10-5 Mo. 

H-DDP could not be prepared by reduction of DDP with 
sodium amalgam because the acrylic side chains were also re- 
duced; about 75% of the porphyrin was recovered as COPRO. 

Protoporphyrinogen was prepared by reduction of 3 ml of 
PROTO solution (5 X 10-‘ m) with 4 g of sodium amalgam at 
80° for 1.5 to 2 minutes. Longer reduction is to be avoided 
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TABLE I 


Fractionation and identification of autoxidized porphyrins derived 
from reduction of 2,4-diacrylic deuteroporphyrin by KBH, 


“Ab | | 
Extrac- sorp- c romato- 
tion from | Bet d — | | Total 
ether with of "Side chain substituents in 2or4 | por- 
number ot | positions of porphyrin phyrins 
Hc) in ionizable 
carboxyl | 
| | Sroups 
N | my | | | % 
| | | 
0.03 401 3 | Monoethyl, monopropionic trace 
401 4 Dipropionie (7.e. COPRO) 3-4 
| | | 
0.07 410 Monoethyl, monoacrylic trace 
410 3.6 4 Monopropionic, monoa- | 8-9 
| erylie | 
4.0 408 | 2.40 2  Divinyl (i.e. PROTO) 0 
414 Monovinyl, monoacrylic 0 
421) 2.54 4 Diaerylie (¢.e. DDP) | 41 


because the vinyl groups are ‘attacked. The PROTO used was 
dissolved in 0.01 n KOH containing 20% ethanol. The proto- 
porphyrinogen was filtered without washing. Of the PROTO 
used, 65% was recovered as protoporphyrinogen, 15% as mono- 
vinyl monoethyl deuteroporphyrinogen, and 5 to 10% as meso- 
porphyrinogen. 

Fractionation of Porphyrins Derived from Reduction of DDP 
by KBH,—The reduction of DDP and the subsequent autoxida- 
tion in the presence or absence of coproporphyrinogenase results 
in a mixture of porphyrins. The steps in the autoxidation and 
transfer of the porphyrins to ether are identical with.those de- 
scribed under “Measurement of Coproporphyrinogenase Activity” 
with the exception that 4 Nn HCl was used to extract the por- 
phyrins from the ethylacetate-acetic acid solution. The por- 
phyrins in the ether are separated by successive extraction, 3 
times each, with 0.03, 0.07, and 4.0 n HCl (Table I). To sep- 
arate the porphyrins in the 4.0 n HCI fraction, the solution was 
neutralized and the porphyrins transferred to cyclohexanone. 
The cyclohexanone layer was washed with water, and the DDP 
and monoviny] acrylic deuteroporphyrin components if present 
are removed by extraction with m/15 PO, buffer, pH 6.5, and 
subsequently separated by paper chromatography. The 
PROTO, if present, remains in the cyclohexanone layer and is 
removed with 0.02 n KOH. | 

Fractionation of Cell Components—Homogenates of tissues 
were prepared with the proportions of 1 g to 3 ml of mM/15 PO, 
(or 0.1 m Tris buffer), pH 7.2, containing 0.9% KCl. The mate- 
rials were ground in a Waring Blendor for 3 minutes at 0°. 
Mitochondria, microsomes, and the supernatant solution were 
prepared by the method of Schneider and Hogeboom (19). The 
packed mitochondria were kept at —20°; at this temperature, 
the coproporphyrinogenase activity was stable for over a year. 
Nuclei were prepared by amodification of the method of Chaveau 
et al. (20) as follows. The fresh liver of the guinea pig (33 g) 
was chilled immediately at 0°, minced with scissors, and added 
to 10 volumes of 2.3 m sucrose containing 0.001 Mm CaCl... This 
mixture was homogenized with a Waring Blendor at 2,500 r.p.m. 
for 5 minutes at 0°. The homogenate was centrifuged in a 
Spinco ultracentrifuge at 21,000 r.p.m. for 80 minutes. The 
nuclei (about 15 mg, wet weight) sedimented to the bottom. 


Copropor phyrinogenase 


-the amount of coproporphyrinogenase units per milligram of 


Acetone powder mitochondria were prepared by standard meth. — 
ods. 
Measurement of Coproporphyrinogenase Activity—A copropor. 
phyrinogenase unit is defined as the amount of enzyme that 
catalyzes the formation of 1 mumole of PROTO from copro. 
porphyrinogen, under standard conditions. Specific activity ig 


protein. The standard conditions are as follows. In a 30 ml 
test tube were added 1.8 ml of enzyme solution in a M/15 PO, 
or 0.1 m Tris buffer, pH 7.2, containing 0.05 m potassium thio. 
glycollate and 0.001 m sodium diethyldithiocarbamate; then in 
dim red light was added 0.2 ml of freshly prepared 5 x 10“ y 
coproporphyrinogen. The tube was incubated in the dark aero. 
bically for 2 hours at 38° on a shaker. The enzyme activity 
should be such that not more than about 30% of the copropor. 
phyrinogen is converted to PROTO. After incubation, 10 ml 
of ethyl acetate-acetic acid (3:1, volume for volume) were added 
to the tube. The porphyrinogens were autoxidized to the por- 
phyrins by illumination with 50 foot-candles of light from a day- 
light fluorescent tube for 30 minutes at room temperature. The 
tube was then centrifuged to remove precipitated proteins. The 
supernatant solution containing the porphyrins was added to a 
separatory funnel containing 30 ml of ether. The residue was 
reextracted with 10 ml of the ethyl acetate-acetic acid solution 
and also added to the separatory funnel. The porphyrins were 
removed from the ethyl acetate-acetic acid-ether solution by 
extraction three to four times with 5 ml of 2.5 N HCl until no 
fluorescence remained in the upper layer. The aqueous acid 
solution was promptly neutralized with saturated sodium acetate 
to pH 3.5 (promptly, z.e. in order to avoid reaction of the PROTO 
with thioglycollate) and extracted into 15 ml of ether. The 
ether layer was washed three times with H:O0. COPRO was 
extracted three times with 6 ml of 0.05 n HCI and the solution 
diluted up to 20 ml with 95% ethanol. Then a porphyrin with 
three ionizable carboxyl groups was extracted three times with 
6 ml of 0.15 N HCl and also diluted to 20 ml. Finally, PROTO © 
is extracted three times from ether with 3 ml of 1.5 N HCl and ~ 
diluted to 10 ml with ethanol. The concentrations of porphy- | 
rins are determined in a Cary No. 11 spectrophotometer. Ab- | 
sorbancy is measured for COPRO at 401 my (Table J), for | 
PROTO at 408 mu, for the porphyrin with three carboxy] groups — 
at 404.5 my (estimated e, = 3.6 X 105). Porphyrins are further 
characterized by paper chromatography with a lutidine-NH; | 
solvent (21, 22). | 
Conversion of Protoporphyrinogen to PROTO—To determine ; 
the activity of the enzyme, the porphyrinogen is oxidized to the © 
porphyrin. Iodine oxidation of protoporphyrinogen to PROTO — 
cannot be used since iodine attacks the vinyl groups as inferred © 
from an 8-my decrease in the absorption bands. Of the other _ 
oxidants tried (e.g. chloranil, dichromate, permanganate, peri- — 
odate, ferricyanide, etc.) only B-methyl naphthoquinone ap- 
peared suitable but the recovery of PROTO was about 75% — 
of the amount expected. Autoxidation in weak light (50 foot- 
candles for 30 minutes) in the presence of weak acid (ethyl — 
acetate-acetic acid, 3:1 volume for volume) was found to be | 
the method of choice. However, intense light (2500 foot-candles — 
for 5 minutes) resulted in overoxidation as observed by the 
appearance of a 650-myu absorption band, and a decrease in ‘ 
yield; 1 hour of strong illumination destroyed more than 50% — 
of the porphyrin. In strong acid (1 N HCl or 1 N H3PO,), autox- — 


idation by intense light destroyed more than 90% of the proto- 
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porphyrinogen. Coproporphyrinogen in ethyl acetate-acetic 
acid is much more stable to intense light than is protoporphy- 
rinogen; it is not readily destroyed by light even in strong acid. 

Autoxidation of Porphyrinogens and Effect of Sulfhydryl Com- 
pounds—The action of coproporphyrinogenase on coproporphy- 
rinogen requires O2 as oxidant. However, coproporphyrinogen 
itself is slowly autoxidized by Oz. In addition, aerobic incuba- 
tion of coproporphyrinogen and of protoporphyrinogen leads to 
low recoveries, possibly due to the formation of peroxides. It 
was found that 0.05 m thioglycollate not only decreased the rate 
of autoxidation of coproporphyrinogen and protoporphyrinogen 
but also led to a higher recovery (Table II). For example, when 
coproporphyrinogen was incubated aerobically in the presence 
of thioglycollate, a 500-myu band (indicative of intermediate 
oxidation products of porphyrinogens, 7.e. the porphomethenes 
(23)) had not appeared at the end of 1 hour, whereas in the 
absence of thioglycollate already 20 to 30% of the coproporphy- 
rinogen was fully oxidized. Proteins, e.g. serum albumin or 
those in mitochondria, were found to protect the porphyrinogens 
against irreversible destruction. Catalase (0.05 mg) plus ethanol 
(0.05 m) had no effect; the hemolysate of rat blood, equivalent 
to 4 mg of protein, enhanced destruction perhaps because of a 
peroxidative action. 

Interaction of Sulfhydryl Compounds with Protoporphyrinogen 
and PROTO—Although thioglycollate is useful to protect the 


TABLE II 
Effects of various agents on porphyrinogens 
Porphyrinogen (100 mumoles) in 2 ml of M/15 PO, buffer, pH 
7.2, was treated in the dark at 38° as indicated. (For aerobic 
incubation a shaker was used.) The solutions were oxidized with 
light in the presence of a solution of ethyl acetate-acetic acid 
(see “Measurement of coproporphyrinogen oxidase activity’’), 


the porphyrins fractionated, and the recovery determined as 
COPRO or PROTO. 


Incubation Period of 
incuba- 
Porphyrinogen Additives to incubation mixture! _ tion es 
Aerobic phyrin 
hours % 
Copropor- 0 85 
phyrino- +- 85 
gen + 2 5D 
4 Thioglycollate, 0.05 m 2 85 
+ Serum albumin, 6.5 mg 2 75 
+ Catalase, 0.05 mg + 2 50 
ethanol, 0.05 m 
Protopor- 0 60 
phyrino- + 2 60 
gen + y 20 
Serum albumin, 6.5 mg 0 55 
Acetone powder mito- 0 55 
chondria,* 6.5 mg 
+ Serum albumin, 6.5 mg 2 50 
+ Acetone powder mito- 2 50 
chondria, 6.5 mg 
+ Hemolysate from rat 2 16 
blood, 0.05 ml 
+ Thioglycollate, 0.05 m 0 50 
+ Thioglycollate, 0.05 m 2 45 


*Or fresh packed mitochondria. 
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porphyrinogens against autoxidation it has the disadvantage 
that vinyl groups are attacked by thioglycollate during autoxi- 
dation to the porphyrins by light in acid solution. Intense light 
and strong acid enhance this reaction, suggesting that thiol 
radicals are involved. Protoporphyrinogen at neutral pH in the 
dark reacts only slightly with thioglycollate in air (Table II). 
On the basis of these results, the procedure for the determination 
of coproporphyrinogenase activity was devised to make use of 
weak illumination and weak acid for autoxidation of the porphy- 
rin, a rapid acid extraction of the autoxidized porphyrin from 
the ethyl acetate-ether layer, and a rapid neutralization of the 
acid. 

Protoporphyrinogen (5 X 10-5 M) in 1 N H3PO, illuminated 
with 1500 foot-candles of white light for 1 hour at 23° in air, 
reacts with 0.05 m thioglycollate to form several derivatives. 
The main one (40% of the total), has maxima of absorption at 
405, 552, and 596 mu in 1 N HCl and 499, 532, 571, and 627 mu 
in ether. It is extractable from ether with 0.15 nN HCl, and its 
Rr indicates four ionizable carboxy] groups per molecule. When 
treated with 6 n HCl overnight at room temperature in the dark, 
this derivative is hydrolyzed to a compound with the properties 
of hematoporphyrin, 7.e. its Rr indicates two ionizable carboxyl 
groups; it has an absorption maximum in 1 N HCl of 402.5 mu, 
and after esterification of the propionic acid groups with methanol 
its Rp with a kerosene-CHCl; developing solvent indicates a 
porphyrin with 2 hydroxyl groups. A possible structure for this 
compound is 2, 4-bis-4(-3-thia-pentanoic acid)-deuteroporphyrin. 

Mercaptoethanol reacts even more readily with protoporphy- 
rinogen under the above conditions to form a porphyrin with 
two ionizable carboxyl groups with an absorption maximum of 
405 my in 1 N HCI and extractable from ether with 0.03 n HCl. 
Cysteine is found to form a porphyrin C-type compound (24), 
insoluble in ether, which has a Soret band in acid at 405 muy; 
the compound is hydrolyzed to a porphyrin with properties of 
hematoporphyrin. Glutathione reacts more slowly. These re- 
actions suggest the possibility that cytochrome C may be formed 
by the interaction of the —SH groups of the apocytochrome C 
peptide with protoporphyrinogen during its autoxidation. 

In contrast to the above reactions with protoporphyrinogen, 
the reaction of thioglycollate with PROTO is slow in 1 Nn H3;PO, 
either in light or darkness. A small amount of a product is 
formed in several hours at 38° which contains three ionizable 
carboxyl groups per molecule and is extractable from ether with 
0.075 n HCl. It may be a PROTO derivative substituted in 
only one of the vinyl groups. No reaction is observed with 
cysteine. 

Coproporphyrinogenase Activity in Various Tissues and Within 
Cells—The highest activity of this enzyme was found in liver 
(Table III). A high activity was also found in the small intestine 
of the guinea pig; the intestines of other animals tested lacked 
this high activity. Liver cells of the guinea pig were fractionated 
to determine intracellular localization of coproporphyrinogenase 
(Table IV). Over 80% of the coproporphyrinogenase was found 
to be in the mitochondrial fraction. It is probable that the low 


activities found in the fluffy layer and microsome fractions are 
due to contamination of these fractions with broken mitochon- 
dria. 

Purification of Enzyme—In a Potter-Elvehjem glass homoge- 
nizer, 0.3 g of acetone powder mitochondria was homogenized 
with 30 ml of 0.1 m Tris buffer, pH 9.0, containing 0.2 m potas- 
sium thioglycollate. The suspension was stirred gently under 
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TABLE III 
Coproporphyrinogen oxidase activity in tissue homogenates 
Tissue PROTO formed 
mpmoles/g fresh weight 
Guinea pig 
2 
Rabbit 
23 
4 
5 
14 
Chicken hemolyzed erythrocytes............ 60 
TaBLeE IV 


Intracellular localization of coproporphyrinogen oxidase ~ 
in liver of guinea pig as determined under 
standard conditions 


Fraction phyrinogen Specific activity 
mg pr untts/mg protein 
11.9 0.2 0.02 
Mitochondria............ 3.2 25.0 8.0 
Microsomes.............. 21.2 14.0 0.6 
Sapermatant............. 11.0 0.1 0.008 


* Determined by Kjeldahl method, protein mg = N X 6.25. 


nitrogen for 24 hours at 0°; then it was centrifuged at 20,000 x 
g for 30 minutes. The somewhat turbid supernatant fluid con- 
tained over 80% of the activity and half of the protein (Table 
V). The fluid at 0° was adjusted to pH 7.0, and cold, neutralized, 
saturated ammonium sulfate was added to-40% saturation. 
After 1 hour, the material was centrifuged. The sediment had 
little activity and was discarded. The supernatant solution was 
brought to 70% saturation with ammonium sulfate and centri- 
fuged. The precipitate (undialyzed), containing 224 mg of pro- 
tein, was diluted with 0.01 m PO, buffer, pH 7.0, to 25 ml. To 
this was added 7.5 ml of Ca3(PO,)2 gel (containing 243 mg of 
gel, dry weight). After being stirred for 15 minutes, the gel 
was removed by centrifugation. The protein in the supernatant 
solution was precipitated by saturation with ammonium sulfate, 
centrifuged, and dialyzed against 0.01 m Tris buffer, pH 7.2, 
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overnight. A clear pale yellow solution was obtained afte © 


centrifugation. 

Properties of Coproporphyrinogenase—The pH optimum was77 
(Fig. 1). Irreversible inactivation occurred below pH 4 and 
above pH 10. The inactivation at acid pH is not reversed by 
ferrous or cupric ions. The coproporphyrinogenase activity in 


mitochondria is constant for 1 hour at 38° at pH 7.2. At 56° — 
for 30 minutes, the decrease is within 10%, but at 70-80° for 5 _ 
minutes, the activity is zero. The Michaelis constant is difficult » 


to determine accurately because of autoxidation of the porphy. 
rinogen; it is about 2 to 3 x 10-°M. 
Inhibitors of Coproporphyrinogenase—Two enzyme prepara. 


tions were used that gave essentially the same results, namely, | 


‘packed mitochondria” and a “soluble enzyme” solution. Data 
are reported for packed mitochondria (Table VI). To distin. 
guish between the effect of a reagent on the activity of copro- 
porphyrinogenase or on the rate of autoxidation of coproporphy- 


TABLE V 
Purification of coproporphyrinogen oxidase of 
beef liver mitochondria 


Total copro- 
units 
units / 
mg x< 10-2 meg 
protein 
Beef liver homogenate........... 4330 96 2.2; 1 
Packed liver mitochondria....... 1300 64 4.9 | 2.2 
Whole acetone powder suspension.| 1300 58 4.4} 2.0 
Acetone powder supernatant..... 675 46 6.8 3.0 
40-70% (NH4)2SO.f fraction....| 224 40 18.4} 8.2 
(NH,4)2SO, ppt. from calcium 
phosphate gel supernatant..... 71 32 45.0 | 21.0 


* Determined by the micro-Kjeldahl method and the color- 
imetric procedure of Lowry et al. (25). 
t Dialyzed before activity was determined. 


Specific activity 


pH 


Fic. 1. Specific activity of coproporphyrinogen oxidase of beef 
liver mitochondria versus pH, determined under standard condi- 
tions. @, M/15 PO, buffer; X, 0.1 m Tris buffer; A, 0.1 m glycine 
buffer. 
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autoxidation inhibitors (7.e. 0.05 m thioglycollate + 0.001 m 
diethyldithiocarbamate). To distinguish between decreased 
enzyme activity and irreversible destruction of the porphyrin, 
the total porphyrin recovered was determined. 

The only reagents found to inhibit coproporphyrinogenase 
appreciably were o-phenanthroline and a,a’-dipyridyl (Table 
VI, Group B). Other metal chelators did not inhibit but rather 
slightly enhanced the yield of PROTO (Table VI, Group C). 
There was no loss of activity as determined in the presence of 
autoxidation inhibitors when the soluble enzyme preparation 
was dialyzed for 10 hours against 0.01 m cyanide at pH 9, 0.01 
wu 8-hydroxyquinoline-5-sulfonic acid at pH 8.1, or 0.02 m EDTA 
at pH 7.3. Sulfhydryl reagents were without appreciable effect 
(Table VI, Group D). Hydroxylamine and semicarbazide were 
found to inhibit in the absence but not in the presence of the 
autoxidation inhibitors; it was, however, observed that hydrox- 
ylamine and semicarbazide enhanced the autoxidation of copro- 
porphyrinogen appreciably, thus accounting for the low yield of 
PROTO. The effect of NaN; was to inhibit in the absence of 
autoxidation inhibitors but the low porphyrin recovery signifies 
that the porphyrin was destroyed. Similarly, porphyrin destruc- 
tion occurred in the presence of sulfite. 

Experiments with trans-Diacrylic Deuteroporphyrin—DDP is 
hot acted on by coproporphyrinogenase (Table VII). Reduction 
with KBH, (see “Experimental Procedure”) yields not only 
H-DDP but also some coproporphyrinogen and monoacrylic 
monopropionic deuteroporphyrinogen because monoacrylic side 
chains are partially reduced. Incubation of this reduction mix- 
ture with mitochondria and subsequent autoxidation resulted in 
the formation of a small amount of PROTO presumably derived 
from the coproporphyrinogen and not from H-DDP. No mono- 
acrylic-monovinyl-deuteroporphyrin which would have appeared 
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TaBLeE VI 
Effect of various compounds on coproporphyrinogen oxidase activity of beef liver mitochondria determined under standard conditions 
| Incubation with thioglycollate and diethyldithiocarb 
Group | Compound Concentration 
| Activity | PROTO yield Forphytin Activity | PROTO yield Forphyrin 
es ue X 102 % % % % % % 
100 27 80 100 36 81 
A Hydroxylamine-HCl........... 1.0 28 4.0 94 143 52 99 
Semicarbazide................. 1.0 64 17 85 113 41 89 
B o-Phenanthroline.............. 0.5 47 13 69 33 12 69 
a,a’-Dipyridyl................ 1.0 74 20 67 78 28 82 
C 8-Hydroxyquinoline-5 - sulfonic 
0.5 132 35 84 116 43 88 
Sodium diethyldithiocarba- 
1.0 112 30 96 
2.0 147 40 93 143 52 96 
D Iodoacetamide................ 0.5 88 23 74 
p-Chloromercuribenzoate...... 0.4 103 28 76 
E 2.5 52 14 30 72 27 59 
rinogen, the reaction was run in the presence and absence of TaBLeE VII 


Experiments with trans-DDP and its porphyrinogen 
Packed mitochondria (1.0 ml) plus 5 ml of pH 7.2 Tris buffer 
(0.1 m) containing 0.001 m GSH were incubated with 100 mumoles 
of the oxidized or reduced compound in the dark. The mixture — 
was then autoxidized and the porphyrins isolated as described in 
‘‘Experimental Procedures.”’ 


Porphyrins recovered 


DDP Conditions of incubation 
| S | TERO 

% % % % 
Oxidized + | Aerobic, 2 hrs, 38° 94; 0 {0 0 
Oxidized + | Anaerobic, 2 hrs, 38° 92 0 |0 0 
Reduced — | Direct autoxidation! 41 0 | 3.5 8 
Reduced + | Aerobic, 2 hrs, 38° 41 213 9 
Reduced + | Anaerobic, 2 hrs, 38° 40 213 Ss 


in the 0.07 n HCl fraction could be detected, indicating that 
coproporphyrinogenase did not act on monoacrylic monopropi- 
onic deuteroporphyrinogen. 

Evidence for Intermediate with Three Carboxyl-containing Side 
Chains in Enzyme Oxidation of Coproporphyrinogen—The con- 
version of coproporphyrinogen to PROTO with time is presented 
in Fig. 2. Thioglycollate was omitted from the incubation mix- 
ture to avoid confusion with a small amount of a thioglycollate 
porphyrin which might arise during autoxidation. The “3-car- 
boxyl’” compound was extracted from ether with 0.15 n HCl. 
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Copropor phyrinogenase 


mu moles porphyrin 
i» wd 


“3-COOH” 


AO 50 60 min. 


Incubation time 


Fic. 2. Conversion of coproporphyrinogen through an inter- 
mediate porphyrin with three ionizable carboxyl groups (‘‘3-car- 
boxyl’’) to protoporphyrin. Coproporphyrinogen (104 mumeles) 
was added to 0.4 ml of packed mitochondria and 6.5 mg of serum 
albumin in 0.1 mM Tris buffer, pH 7.2, to make a final volume of 2 
ml. The mixture was incubated aerobically at 38°. After autoxi- 
dation (as described in ‘‘Experimental Procedures’’), the porphy- 
rins in the washed ether solution were extracted successively as 
follows: For COPRO, with 0.03 n HCl; for the ‘‘3-carboxyl’’ por- 
phyrin, with 0.15 Nn HCl; and for PROTO, with 1.5 n HCl. 


MITOCHONDRION 
HEME 
| Fe** 
PROTO Glycine 
Pyridoxal-P 6AL SAL 
[oz Cysteinyl Succinyl-CoA 
polypeptides ~ 
PROTOGEN > Cyt-C Oxidation via SAL-ASE 
+Oo 
Succinic PBG 
COPROGEN- ASE acid 
| 1C compounds 
PBG- 
(purines, etc.) DEAMINASE 
COPROGEN-III 
Pyrryl 


n 


UROGEN-ASE P BG-ISOMERASE | 


UROGEN-III < 


Fic. 3. Distribution of the enzymes of porphyrin biosynthesis 
in the liver cell. On this scheme, PROTO may be synthesized 
only if 6-AL can escape through the mitochondrial membrane. 
The abbreviations used are: PROTOGEN, protoporphyrinogen; 
COPROGEN-ASE, coproporphyrinogen oxidase; COPROGEN- 
III, coproporphyrinogen; UROGEN-ASE, uroporphyrinogenase; 
UROGEN-III, uroporphyrinogen; 6AL-ASE, 6-AL dehydrase; 
Cyt-C, cytochrome c. 
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Calculations of the concentration of this intermediate are based 
on an estimated e, of 35 xX 104 at 404.5 my. Because of the — 
small amount of intermediate (~6% at maximum), the erro — 


in the determination are large. However, paper chromatography 
with the lutidine-NH,OH system confirms in a semiquantitative 
manner the change in relative concentration of the “3-carboxy)" 
compound during the incubation. Fig. 3 shows the reciprocal 
change of coproporphyrinogen to PROTO and the early forma. 
tion of a ‘‘3-carboxyl” intermediate which is highest at the start 
and then disappears. The recovery of the total porphyrin jp 
this experiment was 80 + 3% of the COPRO used for reduction, 
The 12% of COPRO that remains is very likely formed during 
incubation by autoxidation and is not acted on in this form by 
the enzyme. . 

Specificity of Coproporphyrinogenase for Substrate—The enzyme 
is highly specific for coproporphyrinogen. None of the following 
compounds was converted to PROTO or acted on by the enzyme: 
COPRO, trans-DDP, H-DDP, mesoporphyrinogen, hematopor. 


phyrinogen, uroporphyrinogen III, monopropionic monoacrylic 


deuteroporphyrinogen, coproporphyrin isomer I, or its hexahy- 
dro form. 

The sample of coproporphyrin isomer 1 used in these experi- 
ments was contaminated with about 12% of COPRO, as deter- 
mined by the descending paper chromatographic method of Falk 
and Benson (21) modified by Mauzerall (22) to quantitate the 
fluorescence. After incubation of the hexahydro form of copro- 


porphyrin isomer I (87.8 mumoles) with 6.5 mg of serum albumin © 


in 2 ml of Tris buffer pH 7.2 for 30, 60, and 120 minutes, there 
were recovered, respectively, 8.1, 9.1, and 8.7% of PROTO. 
This PROTO was characterized by its HCl] number, the mavwi- 
mum of the Soret band, and by descending paper chromatog- 


raphy. No method is available to distinguish between PROTO — 


derived from the hexahydro form of coproporphyrin isomer I or 
from coproporphyrinogen. 


(The PROTO derived from copro- 


porphyrinogen has the structure of PROTO as defined by Fischer — 


and Orth (26).) It is probable that the PROTO formed by in- 
cubation of the enzyme with the sample of the hexahydro form 


of isomer I was mainly if not entirely PROTO derived from the _ 


hexahyro form of isomer III that contaminated the sample. 
Oxidants for Coproporphyrinogenase Activity—No other oxidant 

than O2 was found to be used by the enzyme. Oxidants of rela- 

tively high potential such as I., K3;3Fe(CN).5, and KIO, oxidize 


coproporphyrinogen directly to COPRO and cannot be used. — 


Ferric cytochrome c slowly and only partially oxidizes copropor- 
phyrinogen. The oxidants, flavin mononucleotide, 1 ,4-naphtho- 
quinone, and H.O: in the presence of cyanide, do not oxidize 
coproporphyrinogen; these compounds were added from a side 


arm of a closed vessel under anaerobic conditions to a mito- ; 
chondrial preparation at 10 times the molar concentration of — 


coproporphyrinogen and incubated at 38° for 2 hours. No 
PROTO was formed. 

Oxidation of Protoporphyrinogen—When protoporphyrinogen 
was incubated in the dark at 38° in neutral buffer or with acetone 
powder mitochondria (3.2 mg of protein per ml), oxidation oc- 
curred-slowly and faint PROTO bands appeared after 2 hours. 
The autoxidation was inhibited almost completely when proto- 
porphyrinogen was incubated with serum albumin (3.2 mg of 
protein per ml) at neutral pH. However, when protoporphyrino- 
gen was incubated with frozen-thawed mitochondria (3.2 mg of 
protein per ml) at neutral pH, the oxidation was more rapid; 
faint porphyrin bands appear in 30 minutes. This experiment 
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suggests that an enzymic reaction may be present in mitochondria 
to convert protoporphyrinogen to PROTO. 


DISCUSSION 


A Control Mechanism of porphyrin biosynthesis in the cell is 
suggested by the distribution of enzymes concerned in this syn- 
thesis (Fig. 3). In the liver cell, coproporphyrinogenase appears 
to be localized primarily if not exclusively in the mitochondria 
(Table IV). The solubilization of the enzyme from acetone 
powder mitochondria with thioglycollate suggests that the en- 
gvme normally is attached to mitochondrial membranes by S—S 
bonds. In studies of chicken erythrocytes it was noted that the 
enzymes connected with the synthesis of 6-AL, and the copro- 
porphyrinogenase were on cellular particulates, presumably the 
mitochondria, whereas the enzymes, 6-ALase, PBGase, and 
uroporphyrinogenase were highly soluble (7). We have deter- 
mined that liver mitochondria lack 6-ALase and uroporphyrino- 
genase. Liver 6-ALase is a soluble enzyme (27). If 6-AL is 
synthesized in mitochondria, it would be necessary for 6-AL to 
leak out of the mitochondria in order to be converted by the 
soluble enzymes of the cytoplasm to coproporphyrinogen; then 
coproporphyrinogen would have to migrate back to or into the 
mitochondria to be converted to PROTO. Such a compart- 
mentation of enzymes would permit porphyrin biosynthesis to be 
controlled in part by the permeability (passive or active?) of the 
mitochondrial membrane to 6-AL, and by the steady state con- 
centration of 6-AL in the Shemin cycle. 

The Coproporphyrinogenase Activity of a Tissue (Table III) 
appears to be proportional to the rate and quantity of heme syn- 
thesized by that tissue. For example, in bone marrow in which 
hemoglobin is synthesized rapidly, the coproporphyrinogenase 
activity is high. In heart muscle in which myoglobin is synthe- 
sized slowly, the activity is low, but it is still three to five times 
as great as that of white striated muscle. With regard to the 
hemes of mitochondrial cytochromes, the meager data suggest 
that in tissues in which the cytochromes (or the mitochondria) 
have a shorter lifetime, the coproporphyrinogenase activity is 
higher, i.e. more rapid heme synthesis is required to replace the 
broken down cytochromes. For example, Drabkin (28, 29) has 
found a rapid turnover of liver cytochrome c (8 days) and a 
slower turnover in kidney cytochrome c. The coproporphyrino- 
genase activity is found to be high in liver and lower in spleen 
and kidney, data which support the above suggestion. 

High Specificity of Coproporphyrinogenase for coproporphyrino- 
gen is the main factor in the apparently exclusive biosynthesis 
of PROTO of series III porphyrins and the absence of series I 
PROTO. However, two other enzymes of the biosynthetic chain 
have also discriminated in favor of the type III isomer. One is 
pyrrylisomerase the action of which results in the formation of 
over 99.9% uroporphyrinogen isomer III and only traces of 
uroporphyrinogen isomer I as judged by the amounts of series I 
porphyrins found in normal urine. The other is uroporphyrino- 
genase which acts 2 to 3 times faster on uroporphyrinogen isomer 
III than uroporphyrinogen isomer I (23). 

Mechanism of Coproporphyrinogenase Action—The oxidation 
of the two propionic acid groups to two vinyl groups may proceed 
either via an acrylic acid and subsequent decarboxylation, or 
more directly. To test the first possibility, the trans-DDP was 
synthesized (18). It was found to be inert in both the oxidized 
and reduced forms, i.e. it was not decarboxylated to PROTO. 
Evidence for a more direct oxidation by hydride ion removal 


S. Sano and S. Granick 


1179 


from the propionic acid side chain with simultaneous decarbox- 
ylation to vinyl will be presented in another paper. 

The finding of a small amount of an intermediate compound 
with three side chains containing ionizable carboxyl groups, 
which arose early in incubation and gradually disappeared, sug- 
gests that the Michaelis constant for the “‘3-carboxyl’”’ compound 
is smaller than for coproporphyrinogen. It is not known whether 
one enzyme is involved or two enzymes, t.e. one for the oxida- 
tion of each propionic acid side chain. 

The purified enzyme was accompanied by traces of flavin, but 
the enzyme was not pure enough to permit the characterization 
of the prosthetic group. Cyanide ion did not inhibit the oxida- 
tion, suggesting the absence of heme. The enzyme was inhibited 
somewhat by o-phenanthroline and a,a’-dipyrridyl but dialysis 
removed the inhibition; perhaps the inhibition is due to an iron 
complex formed with these reagents, or these reagents may act 
as substrate inhibitors. 

Even with the purified enzyme, a vigorous shaking with air 
was required to obtain maximal activity, suggesting either that 
the prosthetic group has a relatively low affinity for O- or a high 
oxidation potential. No substitute for O2 as oxidant has been 
found. Even H.Oe, used in the presence of cyanide to block 
catalase and peroxidase actions, could not replace Oz. Because 
the enzymic reaction was run in air, a concomitant autoxidation 
of coproporphyrinogen occurred. Although the autoxidation 
was diminished by the presence of thioglycollate, the decision 
as to whether the immediate substrate is coproporphyrinogen or 
its porphomethene cannot be made unequivocally; however, 
qualitative observations strongly suggest that it is coproporphy- 
rinogen. 


SUMMARY 


Methods are described for the reduction of coproporphyrin 
and protoporphyrin to the hexahydro derivatives by sodium 
amalgam, and the reduction of trans-2,4-diacrylic deuteropor- 
phyrin by sodium borohydride. 

Optimal conditions for the autoxidation of protoporphyrinogen 
to protoporphyrin are weak light and weak acid. A scheme for 
the fractionation and identification of relevant porphyrins is 
given. Protoporphyrinogen in acid reacts with SH compounds 
to form porphyrin c type compounds. 

Coproporphyrinogen oxidase of beef liver mitochondria was 
purified about 20 times. The enzyme was solubilized with thio- 
glycollate at pH 9 and isolated in the 40 to 70% saturated am- 
monium sulfate fraction. The pH optimum was 7.7. The 
Michaelis constant was about 2 x 10-5 mM. o-Phenanthroline 
and a,a’-dipyridyl inhibited this enzyme, but cyanide ion did 
not. Os was the only oxidant found to be used by the enzyme. 

The enzyme had a marked specificity for coproporphyrinogen 
III. Neither coproporphyrinogen I nor oxidized or reduced 
trans-diacrylic deuteroporphyrin served as substrates. This 
explains in part the absence of the protoporphyrin series I iso- 
mer in cells. During the enzymic reaction, an intermediate 
porphyrin that has one vinyl and three propionic acid groups 
appears and then disappears. 

A hypothesis on the control of protoporphyrin synthesis is 
presented based on the intracellular compartmentation of the 
different enzymes of porphyrin biosynthesis within and outside 
of the mitochondria. 
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The natural occurrence of 8-aminoisobutyric acid was first 
established in 1951 when it was isolated from urine (1, 2). The 
first evidence for the existence of this amino acid in plants was 
reported in 1959 with the isolation of 8-aminoisobutyric acid 
fom iris bulbs (Iris tingitana var. Wedgewood) (3). This 
paper records the evidence for a bound form of 8-aminoisobutyric 


acid in the iris bulb. 


The compound was discovered in the nonprotein acidic amino 
acid fraction as an acid-labile substance which occupied an 
unusual position on a two directional paper chromatogram 
(Rr in butanol-acetic acid-water, 9:1:2.5, = 0.40 and Rr in 
phenol-water, 8:3, = 0.75). The compound was isolated by 
ion exchange techniques. Chemical and physical characteris- 
tics of both the isolated substance and its hydrolytic products 
established the structure as a dipeptide, y-glutamyl-8-aminoiso- 
butyric acid. 


EXPERIMENTAL PROCEDURE 
Isolation—Macerated bulbs (45 kg) of Wedgewood iris were 


| extracted with 80% ethanol at room temperature. The amino 


acids in the extract were separated as a group by absorption on 
Dowex 50 in the hydrogen form and elution with ammonia at 4° 
(4). A water solution of half the amino acid fraction was put 
ona 3.4- by 115-cm column of Dowex 1 (acetate form, 200 to 
400 mesh) at room temperature. The neutral and basic amino 
acids were washed through with water, and the acidic amino 


acids were fractionated by elution with 0.05 N acetic acid. After 


collection of 500 ml, 15-ml fractions were collected every 7 min- 
utes. Individual fractions were tested for ninhydrin activity 
and examined by two directional paper chromatography. 
Fractions 220 to 350 were combined with the comparable frac- 


_ tions from a second run with the other half of the amino acids. 


The total dry weight from the combined fractions was 5.6 g. 


_ This material contained an impurity which was responsible for 


about 25% of the ninhydrin activity. After four recrystalliza- 
tions from water, 2.4 g of an uncontaminated crystalline mate- 
nal was obtained. 

Properties—The elemental analysis of the isolated compound 


«Was 46.57% C, 6.94% H, and 11.82% N. Theoretical values 
for CsHsN.O; are 46.6% C, 6.95% H, and 12.06% N. The 


substance had a specific rotation in water of [a]” —33 (c = 1%). 


*United States Plant, Soil and Nutrition Laboratory, Soil 


4nd Water Conservation Division, Agricultural Research Service. 
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The compound was unstable to acid and alkaline hydrolysis. 
Ry values in butanol-acetic acid-water and phenol-water were 
0.40 and 0.75, respectively. In the quantitative amino acid 
analysis (5), the color obtained was only 42.5% of that obtained 
for leucine on the basis of the nitrogen content. Prolonged 
heating did not increase the color. A pyridoxal test (6) gave a 
positive test for an a-amino acid. The mobility of the isolated 
material in the chromatographic system of Moore et al. (7) was 
close to that of serine and asparagine. Under these conditions, 
the molar color yield was 86% of that of leucine (8). 

Identification—After the purified material was hydrolyzed by 
heating it in 6 N HCl for 3 hours at 120°, two ninhydrin-active 
compounds were observed on two directional paper chromato- 
grams. The two products were separated by passage of a 
neutral solution through a column of Dowex 1 in the acetate 
form. One amino acid was acidic, as evidenced by its retention 
on the resin. After elution with acetic acid, this compound 
cochromatographed on paper with glutamic acid. 

The other amino acid which was not retained by the resin 
reacted like a non-a-amino acid in the pyridoxal test (6). This 
acid had the same Ry, values in butanol-acetic acid-water and 
phenol-water as B-aminoisobutyric acid. Examination of the 
hydrolysis mixture with the automatic amino acid analyzer (7, 8) 
showed that the products had the same mobility as glutamic 
acid and B-aminoisobutyric acid, and were present in a molar 
ratio of 0.94. The amount of these two acids recovered ac- 
counted for 98% of the peptide hydrolyzed. 

The 2,4-dinitropheny] derivative of the peptide was prepared 
(9) and hydrolyzed with 4 n HCl for 3 hours at 120°. The 
dinitrophenyl moiety chromatographed with the dinitrophenyl 
derivative of glutamic acid in Levy’s solvent (9), and separated 
from dinitrophenyl-8-aminoisobutyric acid. 

The work of Sachs and Brand (10) has demonstrated that 
y-glutamyl peptides react with nitrous acid under the usual 
conditions of the Van Slyke reaction to. give approximately 2 
moles of nitrogen per mole of peptide. y-Glutamyl peptides 
with a substituent on either the a-carboxyl group or the a-amino 
group, and a-glutamyl peptides do not yield more than 1 mole 
of nitrogen per mole. The isolated peptide produced 1.85 moles 
of nitrogen per mole, showing that the B-aminoisobutyric acid 
was attached through the y-carboxyl group of the glutamic acid 
and that the amino group of the glutamic acid moiety was un- 
substituted. 

Proof of Identity of Hydrolytic Products—The peptide (600 
mg) was hydrolyzed with HCl and the excess of acid removed by 
evaporation. A neutral solution of the products of hydrolysis 
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was passed through a column of Dowex 1 in the acetate form to 
separate glutamic acid from the @-aminoisobutyric acid (see 
above). The @-aminoisobutyric acid was recrystallized from 
ethanol-water several times to yield 180 mg of crystalline ma- 
terial. The elemental analysis was 46.78% C, 8.67% H, and 
13.66% N. Theoretical values for B-aminoisobutyric acid are 
46.60% C, 8.80% H, and 13.59°% N. Specific rotation was 
[a], —17 (c = 1%). 

The 8-aminoisobutyric acid was racemized with 5 Nn NaOH 
(16 hours at 120°), separated from the alkali by passage through 
Amberlite IRC-50 in the hydrogen form, and recrystallized from 
95% ethanol. There was no difference between the infrared 
absorption patterns of this racemized acid and of commercially 
available B-aminoisobutyric acid. 

The glutamic acid which was eluted from the resin with 2 N 
acetic acid was recrystallized twice from water (yield, 280 mg). 
The elemental analysis of the glutamic acid fragment showed 
the following percentage composition: 


Calculated: C 40.81, H 6.17, N 9.52 
Found: C 41.05, H 6.46, N-9.58 


The infrared absorption spectra of the isolated glutamic acid and 
‘authentic L-glutamic acid were identical. The specific rotation 
of the isolated glutamic acid in 5 Nn HCl was [a]? +32 (c = 1%) 
as compared with a published value of [a]? +31.8 (11). 

The combined evidence proves that the isolated compound 
could be only the dipeptide, y-glutamyl-8-aminoisobutyric acid. 


DISCUSSION 


A comparable lot of bulbs from a later harvest was examined 
with the automatic amino acid analyzer (7, 8). The contents 
of acid and of B-aminoisobutyric 
acid were, respectively, 2.71 and 0.02 uwmoles per gram fresh 
weight. The peptide accounted for over 15% of the free amino 
groups as indicated by the ninhydrin color. This is analogous 
to the situation in the kidney bean in which S-methylcysteine 
occurs in much larger quantities as a dipeptide (12) than as the 
uncombined acid (13), and in which the peptide represents a 
third of the free amino groups. The presence of y-glutamyl 
peptides in storage organs in relatively large amounts is an 
interesting but unexplained phenomenon. This is the first re- 
port of @-aminoisobutyric acid occurring in peptide form, al- 
though G-alanine is present in several peptides (14). 


SUMMARY 


A previously unknown naturally occurring peptide has been _ 
isolated from the bulbs of Iris tingitana (var. Wedgewood) by | 
chromatography on ion exchange resins. This compound has _ 
been shown to be y-L-glutamyl-8-aminoisobutyric acid. 

The proof is based on elemental analysis, hydrolysis, infrareq 
spectra, and the reactions with nitrous acid and fluorodinitro. 
benzene of the peptide. The separated hydrolytic products had 
the same infrared spectra, elemental analysis, and behavior in an - 
automatic amino acid analyzer as authentic L-glutamic acid and | 
( —)-8-aminoisobutyric acid. 

The peptide is responsible for about 15% of the nonprotein — 


amino nitrogen present in extracts of the tissue. 
Acknowledgments—The authors are indebted to Dr. R. \ | | 
Zacharius for carrying out the reaction of the peptide with © ) 
nitrous acid and for some information on its behavior on an f of 
automatic amino acid analyzer. The iris bulbs were generously — (J ; 
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Storage organs of plants are often found (1, 2) to be rich sources 
of amino acids which do not occur in proteins. The iris bulb 
(Iris tingitana var. Wedgewood) contains several unusual amino 
acids, one of which has been shown to be #-aminoisobutyric 
acid (3). The acidic amino acid fraction contained several 
uncommon compounds (4, 5), two of which had very similar 
Ry values in butanol-acetic acid-water and in phenol-water. 
One of these compounds has previously been isolated and identi- 
fied as m-carboxy-a-phenylglycine (4). The other acidic com- 
pound has now been isolated and characterized as the next 
higher homologue, namely m-carboxyphenylalanine. 


EXPERIMENTAL PROCEDURE 


Isolation of Amino Acid—The nonprotein amino acids were 
extracted from 45 kg of iris bulbs and purified as described 
previously (3). The acidic amino acids were separated by ab- 
sorption on Dowex 1 in the chloride form and elution with 1 
n HCl. The excess of HCl was removed by evaporation to 
dryness on a rotary evaporator in a vacuum at 40°. After the 
residue was dissolved in a minimal volume of 0.5 N acetic acid, 
half the acids were absorbed on a 4.5- by 40-cm column of Dowex 
1-X4 (200 to 400 mesh) in the acetate form. The acids were 
eluted with 0.5 N acetic acid (6). The eluate was collected in 
13-ml (5-minute) fractions which were tested by the ninhydrin 
reaction and by paper chromatography. The unknown acid 
occurred in fractions 111 to 141 uncontaminated with any other 
ninhydrin-reactive substances. Fractions 111 to 141 were com- 
bined and evaporated to dryness in a vacuum. A similar frac- 
tionation was performed on the other half of the solution of 
acidic amino acids. The dry weight of material from two frac- 
tionations was 450 mg. After three recrystallizations from 
water, 250 mg of white needle-like crystals were obtained. 

Properties—The purified crystals had an elemental composi- 
tion of 57.4% C, 5.56% H, 6.70% N, and 31.4% O. The theo- 
retical values for CyoHy,O4N are 57.4% C, 5.30% H, 6.7% N, 
and 30.6% O. The specific rotation was [a]? +17.0 (c = 1%). 
The compound was unaffected by heating for 16 hours at 120° 
in6n HCl. The unknown behaved like an a-amino acid in the 
test with pyridoxal (7). An aqueous solution of the isolated 
material had a light absorption maximum at 275 mu. The pK, 
and pK, values, as determined from a titration curve, were 1.5 
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(approximately) and 3.9. A» values in butanol-acetic acid-water 
(9:1:2.5) and in phenol-water (8:3) were 0.52 and 0.32, re- 
spectively. On paper, this compound reacted with ninhydrin 
to give the blue color which is characteristic of phenylalanine 
but different from that of alanine, and so forth. When the 
substance was subjected to the ninhydrin reaction under quan- 
titative conditions (8), it gave a color value which was 69% of 
theory (9). 

Determination of Structure—The light absorption with a maxi- 
mum at 275 my and the empirical formula indicated that the 
compound contains a benzene ring. An aromatic amino acid, 
m-carboxyphenylglycine, had previously been isolated from iris 
bulbs (4) and this acid had an Rp value and elemental composi- 
tion similar to that of the isolated material. These facts sug- 
gested that the isolated compound might be the next higher 
homologue of m-carboxyphenylglycine. 

A solution of 100 mg of the isolated material in 40 ml of water 
was refluxed for 90 minutes with 400 mg of KMn0Q, and 1 ml of 
1 n NaOH and then acidified with H:SO,. Na2SO3 was added 
until all color had disappeared and MnO, had dissolved. The 
solution was cooled to room temperature and the long, needle- 
like crystals that formed were removed by filtration. The re- 
crystallized compound melted with decomposition above 300°, 
as do isophthalic and terephthalic acids. However, the infrared 
spectrum of the oxidized material matched only that of iso- 
phthalic acid. 

The identity of the oxidized product was further confirmed 
by the preparation of its p-nitrobenzyl ester (10), which had the 
same melting point (209°, uncorrected) either alone or mixed 
with the ester of authentic isophthalic acid. This result showed 
that the additional CH: group must be on a side chain. Three 
structures were possible: m-(carboxymethyl)-a-phenylglycine, 
m-carboxyphenyl-a-methylglycine, or m-carboxyphenylalanine. 
The first two alternatives appeared unlikely, since they would 
not be expected to give an initial blue color when treated with 
ninhydrin on paper. For this reason, m-carboxyphenylalanine 
was synthesized. : 

Synthesis of m-Carboxyphenylalanine—m-Cyanobenzylbromide 
was prepared from commercially available m-cyanotoluene (11). 
Bromine (33.4 ml) was added dropwise, over a period of 2 hours, 
to 78 ml of refluxing m-cyanotoluene. After the reaction mix- 
ture had cooled, the resultant crystals were filtered and washed 
with absolute ethanol. They were decolorized with charcoal 
and recrystallized several times from absolute ethanol to give a 
product which melted at 93°. 

Diethylacetamidomalonate (10.9 g), 12.8 g of m-cyanobenzyl- 
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bromide, and 1.15 g of metallic sodium in 100 ml of absolute 
ethanol were refluxed for 2 hours. The solvent was then evapo- 
rated, the solids were dissolved in water, and the product was 
extracted from the aqueous solution with chloroform. The 
chloroform was removed and the ester refluxed overnight in 6 
n HCl. After removal of the excess HCl, the residue was dis- 
solved in water and the impurities were removed by extraction 
with chloroform. Since paper chromatography revealed the 
presence of several other ninhydrin-reactive substances (<5%), 
the m-carboxyphenylalanine was absorbed from solution by a 
4.5- by 20-em column of Dowex 1-X4 (200 to 400 mesh) in the 
acetate form. The impurities, which were not absorbed by the 
resin, were removed by a water wash. A 2 N acetic acid eluate 
contained only one ninhydrin-positive spot as shown by a two 
directional paper chromatogram. The synthetic material was 
recrystallized three times from water (yield, 10 g). 

Comparison of Isolated Material with Synthetic m-Carboxryphen- 
ylalanine—The isolated acid was inseparable from the synthe- 
sized amino acid by paper chromatography in _ butanol-acetic 
acid-water (9:1:2.5) and in phenol-water (8:3). The isolated 
material was racemized by heating 40 mg in 5 ml of 5 Nn NaOH 
for 16 hours at 120°. After the sodium hydroxide was removed 
by passage through a column of carboxylic acid resin (XE-64) 
in the hydrogen form, the acid was recrystallized from water. 
The racemate had an infrared absorption spectrum identical to 
that of the synthetic m-carboxyphenylalanine. 

Resolution of m-Carboryphenyl-pxL-alanine—Since it was ob- 
served previously that hog kidney acylase (Worthington Bio- 
chemical Corporation) is inactive toward acetylated m-carboxy- 
phenylglycine (12), it was not surprising to find that the N-acetyl 
derivative of m-carboxyphenylalanine was not hydrolyzed by 
acylase. However, it was found that racemic carboxyphenyl- 
alanine could be resolved by the hydrolysis of the L isomer of its 
diamide in the presence of leucine aminopeptidase (13). 

Synthesis of Diamide—Synthetic m-carboxyphenylalanine (2.0 
-g) was suspended in 40 ml of absolute ethanol, saturated with 
dry HCl at 0°, and refluxed for 4 hours. The ethanol-HCl and 
two successive 40-ml washes of absolute ethanol were removed by 
vacuum distillation. The residue was twice recrystallized from 
absolute ethanol yielding 1.34 g of colorless crystals of the diethyl] 
ester hydrochloride. 

The diethyl ester hydrochloride (1 g) was dissolved in 15 ml 
of methanol saturated with dry ammonia at 0°. After standing 
for 3 days at room temperature in a tightly stoppered flask, 
methanol and ammonia were removed by distillation in a vac- 
uum. The residue was crystallized from hot methanol by the 
addition of ether (yield, 0.75 g). Paper electrophoresis in 1 N 
acetic acid showed that the crystalline diamide contained no 
monoamide or free acid. 

Treatment of Diamide of Carboxyphenylalanine with Leucine 
Aminopeptidase and Separation of Products—Leucine aminopep- 
tidase (14, 15) solution (3 ml; C; value = 100), was activated by 
incubation at pH 8.5 (0.01 m Tris) in 0.001 m MnCl, for 1 hour 
at 38°. The diamide (2 mmoles) was dissolved in 20 ml of 
0.04 m Tris buffer, pH 8.0 containing 20 umoles of MgCl. and 
incubated with the peptidase solution for 48 hours at 38°. 

The incubation mixture was adjusted to pH 7.0 with HC! and 
added to a column (2 by 30 cm) of Dowex 50-X4 (200 to 400 
mesh) in the ammonium form. The effluent solution and the 
subsequent water wash were collected in 5-ml fractions. The 
first fractions containing a small amount of carboxyphenylalanine 


m-Carboxyphenylalanine 


amide and carboxamidophenylalanine were discarded. The re. 
maining fractions which contained only m-carboxamidopheny|- 
alanine were hydrolyzed in 1 n HCl for 3 hours at 100°. After 
distillation of HCI, a solution of the residue was put on a column 
(2 by 15 em) of Dowex 1-X2 (200 to 400 mesh) in the hydroxy| 
form. The column was washed with water and the amino acid 
was eluted with 2 N acetic acid. The m-carboxyphenylalanine 
was recrystallized four times from water to yield 24 mg of needle. 
like crystals with a specific rotation of [a];) —17.0 (c = 1%). 
These crystals had the same infrared spectrum as the isolated 
amino acid. 

The pD isomer of m-carboxyphenylalanine was obtained from the 
diamide which remained after the hydrolysis in the presence of 
leucine aminopeptidase. 
on the Dowex 50 in the ammonium form after the water wash. 
The Tris was eluted with 100 ml of 2N NH,OH. The diamide 
was then eluted with 400 ml of 2N NH,OH. The free acid was 
recovered by hydrolysis and purified by the same procedure used 
for the monoamide. 


Both the diamide and Tris remained © 
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After recrystallization from water, 984 — 


mg of m-carboxyphenyl-p-alanine were obtained, with a specific _ 
rotation of [a]? +17.2 and an infrared spectrum identical to that 


of the isolated amino acid. 


Action of Amino Acid Oxidases—Although neither the L-amino 


TABLE 


Activity of L-amtno acid oxidase of rattlesnake venom 
on m-carboxryphenylalanine 

Total volume, 1 ml. Incubation mixture contained 100 umoles 
of Tris buffer at pH 7.15 and 2 mg of Crotalus adamanteus venom. 
Substrate solutions were adjusted to pH 7. Incubation was car- 
ried out in a Warburg flask which was shaken for 3 hours at 21°. 
The reaction was stopped by tipping in 1.0 ml of saturated K,CO, 
solution from a side arm. The released ammonia was absorbed in 
0.2 ml of 1 N H2SO, in the center well (16) and measured by ness- 
lerization. 


Substrate | Amount Based 

umoles umoles 

Synthetic pL-m-carboxyphenylalanine.......... 2 0.94 
Synthetic DL-m-carboxyphenylalanine.......... 4 1.96 

‘ Resolved p-m-carboxyphenylalanine............ 2 0.08 
Resolved L-m-carboxyphenylalanine............ 2 1.72 
Isolated L-m-carboxyphenylalanine............. 2 1.91 


TABLE II 


Partial analyis of nonprotein ninhydrin-reacting 
compounds in Iris tingitana bulbs 


Compound Quantity 
pmoles/g fresh weight 

m-Carboxyphenylglycine...................... 0.51 
m-Carboxyphenylalanine...................... 0.14 
Other amino compounds...................... 11.42 
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acid oxidase of rattlesnake venom (Ross Allen’s Reptile Institute, 
Silver Springs, Florida) nor D-amino acid oxidase of hog kidney 
exhibited any activity towards synthetic m-carboxyphenylgly- 
cine, the action of these enzymes was tested on m-carboxyphen- 
ylalanine. The D-amino acid oxidase produced no ammonia 
from the racemic acid under conditions in which 90% of the 
theoretical amount was obtained from DL-alanine. This amino 
acid was oxidized in the presence of L-amino acid oxidase at 
about 25% of the rate that L-leucine was oxidized. The data 
in Table I indicate the activity of the L-amino acid oxidase 
toward the racemic acid, resolved L isomer, and the isolated acid 
as well as its inactivity toward the D isomer. 


DISCUSSION 


m-Carboxyphenyl-L-alanine represents the second new aro- 
matic amino acid to be found in the nonprotein fraction of the 
iris bulb (4). As in the case of m-carboxy-a-phenylglycine, it 
was not found in the protein fraction. Carboxyphenylalanine 
was responsible for 0.8% and carboxyphenylglycine for about 
3% of the ninhydrin-reactive materials in the nonprotein frac- 
tion (Table I1). The unusual aromatic amino acids are in 
higher concentration than the common protein aromatic amino 
acids, but are lower in concentration than the normal dicarboxylic 
amino acids. The occurrence of two such similar compounds in 
the same tissue suggests that they are closely related meta- 
bolically. 

Because of its close similarity to phenylalanine, m-carboxy- 
phenylalanine was tested for its ability either to augment or 
inhibit the utilization of phenylalanine by Leuconostoc mesenter- 
cides. At molar ratios of up to 1000:1, no effects were ob- 
served. Apparently the addition of one carboxyl group mark- 
edly alters the biological properties. 


SUMMARY 


A naturally occurring amino acid which had not hitherto been 
reported has been isolated from the nonprotein fraction of iris 
bulbs (Iris tingitana var. Wedgewood) and has been proved to be 
m-carboxypheny]-L-alanine. 

The isolation was accomplished by chromatography of the 
acidic amino acids with acetic acid on Dowex 1 in the acetate 
form. Final purification was accomplished by recrystallization 
from water. 


J. F. Thompson, C. J. Morris, S. Asen, and F. Irreverre 
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Elemental analysis, ultraviolet absorption, the pyridoxal test 
and oxidation with permanganate indicated that the isolated 
compound is m-carboxyphenylalanine. m-Carboxyphenylala- 
nine was synthesized and found to have the same infrared spec- 
trum and identical paper chromatographic characteristics as the 
racemized isolated substance. The iris amino acid had the 
L configuration as shown by its oxidation with L-amino acid 
oxidase and its identity to the m-carboxyphenyl-t-alanine pre- 
pared by resolution of the synthetic acid. m-Carboxyphenyl-.- 
alanine was responsible for 0.8% of the nonprotein amino nitro- 
gen. 
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The most widely distributed substituted pyridine compounds 
in living systems are the pyridine nucleotides. The nicotinamide 
moiety (Fig. 1, I) of these compounds arises from the indole 
nucleus of tryptophan in animals, (1, 2) and Neurospora (3, 4), 
but not in higher plants (5-7) and certain bacteria (8). 

Pyridine compounds which might be used to study the bio- 
synthesis of the pyridine nucleus are produced in more than trace 
quantities by only a few plants. Two naturally occurring 
alkaloids, ricinine from the castor plant and nicotine from the 
tobacco plant, are substituted pyridine compounds which have 
been used in this type of investigation. Ricinine, the toxic alka- 
loid produced by Ricinus communis L. has the structure N!- 
methy]-3-cyano-4-methoxy-2-pyridone (Fig. 1, II). It is pres- 
ent in all parts of the young plant at levels of about 1 mg per g 
fresh weight and is the only cyano-substituted pyridine com- 
pound known to occur naturally. 

One of the major difficulties in studying the biosynthesis of 
the pyridine nucleus in plants with isotopes is the lack of suitable 
degradation procedures. The structure of ricinine suggests that 
a method could be developed which would permit isolation of 
each of the carbon atoms of the pyridine ring. A partial degrada- 
tion of ricinine, based on the ozonolysis of N-methyl-4-methoxy- 
2-pyridone, which permits the separation of the carbon atoms at 
positions 2 and 6 has been reported (9). Extension of this 
procedure might make it possible to determine the concentration 
of isotope in each position of ricinine arising from labeled pre- 
cursors. 

In recent years, the biosynthesis of ricinine has been investi- 
gated with use of radioactive isotopes. Dubeck and Kirkwood 
(10) showed that the methyl carbon of methionine serves as a 
source of the O- and N-methyl groups. Leete’s work (11) indi- 
cated that the carboxyl carbon of nicotinic acid becomes the 
eyano carbon of the alkaloid. His report, which indicates that 
nicotinic acid gives rise to ricinine, was of interest since it sug- 
gested that a study of ricinine formation from small, isotopically 
labeled molecules would give information applicable to nicotinic 
acid as well. In similar experiments with the tobacco plant, 
Dawson et al. (12) showed that the pyridine ring of nicotinic 
acid is utilized in the formation of the pyridine ring of nicotine. 
Griffith et al. (13, 14) have indicated that propionate-2-C", 
glycerol-1 ,3-C', and glycerol-2-C™ are incorporated into the 
pyridine ring of nicotine. Ortega and Brown (15) reported that 
glycerol and succinate are precursors of nicotinic acid in Esch- 
erichia coli. Conflicting evidence has been reported (6, 9) with 
regard to the precursor role of lysine in ricinine formation. a- 


* Supported in part by a research grant (RG-5766) from the 
National Institutes of Health, United States Public Health Serv- 
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Aminoadipic acid-2-C™ has been reported to give rise to ricinine 
labeled in C-2 and C-6 (9). 

The results reported here confirm the precursor role of nicotinic 
acid. Experiments with N?° indicated that the cyano nitrogen 
of ricinine arises from the amide nitrogen of nicotinamide. A 
number of compounds labeled with C™ or H* were incorporated 
into the pyridine ring of ricinine. 


EXPERIMENTAL PROCEDURE 


Cultural Conditions—Castor seeds of the Cimarron or USDA | 


65 variety were treated with 40 mg of Arasan! per 100 g and 
pressed into sand contained in trays and moistened with dis- 
tilled water. The trays were incubated at 30° in the dark. Tap 
water was added as needed. Emergence usually occurred in 2 
to 4 days. The seedlings were kept in the incubator for 3 to 5 
days longer, and then were placed in direct sunlight for 8 to 24 
hours at 25° before use. 

Administration of Labeled Compounds—The seedlings were 
washed free from sand with tap water and then placed ina 
nutrient solution of the following composition in p.p.m. (16): 
K, 268; N as NOs, 154; P as POg, 32; Cat+, 200; Mgt+, 49: Sas 
64; Fe+++, 2; Mn*+, 1.5; B as BOs, 1.1; Zn*++, 0.022; 
0.015; and Mo as MoOQ,, 0.024. For 1 liter of nutrient solution 


the following quantities of 1.0 N stock solutions were added: — 


6.0 ml of KNO;, 10.0 ml of CaNQ3-4H.0, 3.0 ml of KH2PQ,, 
and 4.0 ml of MgSO,-7H.O. The trace minerals stock solution 
was composed of: 3.89 g of MnCl.-H.O, 6.11 g of H3BOs, 0.06 g 
of ZnSQx, 0.06 g of CuSO,4-5H:.0, and 0.06 g of Na2MoQ,-2H.0, 
all dissolved in 1 liter of distilled water; 1.0 ml of the trace 
minerals stock solution was added to each liter of nutrient solu- 
tion. 


Iron was satisfactory as either FeCl;-6 H,O, ferric cit- 


rate -5 H,.O, or as iron sodium ethanol-ethylenediaminetriacetate. © 
However, the last two compounds interfered with the micro- — 


biological assay of the nutrient solutions and were not used when — 


it was necessary to perform this assay. 


Seedlings were maintained in this solution until use. For — 
treatment, 25 to 50 seedlings were placed in 500 ml of nutrient — 


solution containing the added isotopically labeled compound. — 
The solution was aerated for 4 to 8 hours per day to prevent — 


excessive bacterial growth. 
ment was repeated. The plants were exposed to light for 10 to 


14 hours per day. The nutrient solution was maintained ats — 


constant volume by adding distilled water daily for experiments 
under 10 days’ duration, or by adding nutrient solution every 
other day for experiments lasting longer than 12 days. When 


more than 50 plants were used in a single experiment, the qual- — 


1 Tetramethylthiuram-disulfide, 25%; hydroxymercurichloro- 
phenol, 25%; inert ingredients, 50%. 
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If turbidity developed, the experi- — 
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tity of nutrient solution was increased proportionately. In no 
case did the administration of any of the added labeled com- 
pound have a toxic effect on the plants. 

In single plant experiments, a seedling was placed in nutrient 
solution containing a labeled compound. After this solution had 


H? O-CH, 
HOF 
N 
CH; 


Fia. 1 


been almost completely taken up by the plant, three successive 
0.20-ml portions of distilled water were added. This resulted 
in over 98% of the isotopically labeled compound being taken 
up by the plant. 

Isolation of Rictnine—The castor seedlings were washed free 
from nutrient solution with distilled water. The alkaloid was 
isolated by a procedure similar to that used by Leete (11). The 
macerated fresh whole green plants were extracted three times 
with chloroform, with a weight ratio of chloroform to fresh 
plant of 3:1. The chloroform solution was extracted with 100 
ml of 7 N NH,OH and then evaporated to dryness on a steam 
hot plate. Lipids and pigments were removed from the residue 
by extraction with ethyl ether. The ricinine in the residue was 
then purified to a constant specific activity either by sublima- 
tion or by repeated recrystallization from water or chloroform. 
The melting point in most cases was 200-201.5° (corrected). 

Preparation of containing 
30.9% N'® excess in the amide nitrogen was synthesized from 
nicotinic acid and N?5H; by direct amidation of the dry acid in 
a vacuum in a sealed vessel containing a calcium oxide drying 
tube by a modification of the procedure proposed by Pike and 
Shane (17). One mmole of nicotinic acid was treated with 4.0 
mmoles of N!5H3 (31.7% N!5 excess) at 235° for 1 hour. The 
nicotinamide was recrystallized from benzene for a yield of 
approximately 50%. 

Preparation of Tritium-labeled Compounds—Certain com- 
pounds were labeled by the Wilzbach technique (18) which 
involves the nonselective gaseous exchange of tritium for hydro- 
gen. The compounds were washed free from tritium exchange- 
able with water, then purified by recrystallization from a suitable 
solvent to constant specific activity. They showed the presence 
of only one radioactive component when chromatographed on 
paper in a suitable solvent system. 

To make certain that no activity resided in the amide group 
of nicotinamide, it was hydrolyzed to nicotinic acid and recrystal- 
lued to constant specific activity. Ring-labeled nicotinamide 
was synthesized from this nicotinic acid and ammonia by the 
procedure described above for the synthesis of nicotinamide-N!5. 

Isotope Analyses—1. N1*: All spectra were recorded on a modi- 
fed Consolidated model 21-103 analytical mass spectrometer 
(19). Isotopic excess of N!® was determined from spectra ob- 
tained at reduced ionizing voltage (20, 21). 

2. H?: Analyses were made either by the zinc fusion procedure 
of Wilzbach et al. (22) with subsequent counting of tritium and 
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TABLE I 
Incorporation of nicotinamide-H?, nicotinic acid-H*, and nicotinic 
acid-7-C"* into ricinine 


3 | a Precursor Ricinine 

| 

| Amount | Specific | 

‘added activity | pound | | activity 

added 

days le | umoles % mg % 

19 8 Amide-H? | 105.0 82.0 | 66.7 36.5 | 0.46 1.8. 

22 8 Acid-H3 63.0 82.0 42.0 | 52.3 0.13 1.9 

49 3 Acid-C!*# 5880 0.71 65.0 | 76.8 | 0.016 | 0.28 
Acid-C!4 51.0 0.022 | 0.43 

50 | 3 81.7 42.8 | 57.3 


* Plants were 5 to 9 inches in height except in Experiment 19, 
in which the plants were 3 to 5 inches. 

+ Percentage of incorporation was determined by dividing the 
total activity of the ricinine by the activity taken up by the 
plants. 


methane with a vibrating reed electrometer, or by counting 
directly in a liquid scintillation spectrometer.” 

3. C4: Analyses were made either by the wet combustion 
procedure of Van Slyke et al. (23) with subsequent counting of 
the CO, with a vibrating reed electrometer or by counting of the 
compound directly in a liquid scintillation spectrometer.? 

4. C'* and H?: All analyses were performed by the discrimi- 
nator-ratio method of Okita et al. (24) with the liquid scintilla- 
tion spectrometer.” 

All measurements of radioactivity in the nutrient solution 
were made in a scintillation solvent composed of 58.75% toluene, 
39.25% absolute ethanol, and 2% water (or nutrient solution). 
The phosphor was 0.5% 2,5-diphenyl oxazole and 0.02% p-bis- 
2-(5-phenyloxazolyl)-benzene. This system had an efficiency 
of approximately 5.9% for tritium compounds and 40% for 
C'* compounds if the sample was nonquenching. For determin- 
ing the amount of quenching, either the internal standard method 
was used, or in the case of the nutrient solutions, the ratio of the 
red to green scalers at a constant window voltage was used. 


RESULTS AND DISCUSSION 


Table I shows data which establish the incorporation of 
nicotinamide-H?, nicotinic acid-H?, and nicotinic acid-7-C™ into 
the alkaloid ricinine. The incorporation of nicotinic acid-7-C™ 
confirms a previous report (11). Experiment 50 which made 
use of doubly labeled nicotinic acid (H’ and 7-C"™) was performed 
to determine whether the compound was transferred intact. In 
the first two experiments (Nos. 19 and 22) in which the amide 
and acid were used as precursors, about 2% of the tritium was 
incorporated. This corresponded to dilutions of 228 and 485. 
In the next study (No. 49), the duration of the experiment was 
only 3 days and the quantity of nicotinic acid fed was reduced 
more than 100-fold. The shorter duration of the experiment 
resulted in a reduced percentage of incorporation, and the smaller 
quantity of precursor resulted in a very large dilution of the 
isotope. The effect of time on the extent of incorporation was 
investigated further. It was noted that nearly twice as much 
isotope from nicotinamide-H* was incorporated in 29 days as 
in 9 days. 

2 Tricarb, model 314, Packard Instrument Company, LaGrange, 
Illinois. 
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1188 Ricinine Biosynthesis 
TABLE II 
Incorporation of N*- and H3-Labeled nicotinamide into ricinine 
Precursor Ricinine 
Experiment No.* 4 
Compound added N!5 excess by N!5 excess Incorporationt 
atom % pc/mmole mg meg atom % pc/mmole % pes 

23 Amide-N® 30.9 7.17} 62.6 0.02 0.47 

25 Amide-N* 30.9 7.17t 44.0 0.21 3.13 

27 Amide-N® + 15.45 52.5 14.48 63.3 0.10 0.14 1.79-N%, 0.86-H} 

28 Amide-H? 105.0 7.10 42.7 0.21 0.86 
Unlabeled ricinine —0.05 


* Plants were 6 to 9 inches in height except in Experiment 23 in which they were 4 to 6 inches. The duration of each experiment _ 


was 8 days. 


+t Percentage of incorporation from the data on N® is determined by dividing the total N'5 in the alkaloid by the total N'5 taken 


up by the plant. 


t Based on radioisotope analysis of Experiments 27 and 28 (average). 
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Fic. 2. Rate of disappearance of nicotinamide-H’ from nu- 
trient solution. 


Plant height was found to be important in determining the 
amount of incorporation of nicotinamide or nicotinic acid into 
ricinine. The extent of precursor incorporation varied widely 
when plants of different sizes were used. Results of experiments 
using plants 3 to 5 inches, 5 to 7 inches, and 7 to 9 inches in 
height indicated that 2 to 4 times more precursor was incorpo- 
rated in the smaller plants than the larger ones. Experiments 
on plants which had dropped their cotyledonous leaves and had 
only primary leaf growth showed no incorporation of nicotin- 
amide into ricinine. In these latter experiments the plants had 
been grown in sand for 2 months before being placed in nutrient 
solution. The uptake of nicotinamide was one-half of that in 


the experiments on younger plants. 
To determine whether the concentration of nicotinamide had 


any effect on the synthesis of ricinine, simultaneous experiments — 


were performed on plants of the same size and age in nutrient 
solutions containing 82, 164, and 328 umoles of nicotinamide-H* 
The results indicated that the yield (8.46 + 0.66 umoles per 
plant) and the specific activity (0.37 + 0.06 ue per mmole) of 
the alkaloid were essentially the same in all cases. The specific 


activity of ricinine in Table I (Experiments No. 49 and 50) | 


indicated that addition of 0.7 umole or 81.7 uwmoles of nicotinic 
acid to the nutrient solution gave similar results. It may be 
concluded that alkaloid formation is unaffected by changes in 
concentration of nicotinic acid or nicotinamide within the range 
of 0.7 to 328 wmoles. These findings indicate a stability of 
ricinine production which parallels that obtained by Dawson 
et al. (25) in nicotine and by Solt, Dawson, and Christman (26) 
in anabasine production in root cultures. 
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The incorporation of radioactivity from nicotinamide or | 


nicotinic acid labeled on the ring establishes that the pyridine | 


ring of either of these compounds becomes the pyridine ring of 
ricinine. To determine whether tritium resided only on the 
ring and not in either the O- or N-methyl] group, the ricinine was 
demethylated and the resulting tetramethylammonium iodide 
was analyzed for tritium. None was found. If one assumes 
that the tritium is uniformly distributed in the four positions 


on the pyridine ring of the acid or amide, and that two of these | 


hydrogen atoms are lost in the formation of ricinine (Fig. 1), 


the isotope dilution should be twice as great for tritium as for — 
C™ and the percentage of incorporation should be correspond- — 
ingly less for tritium. The results in Table I (Experiment 50) © 


suggest that the above assumptions are reasonable. 
Evidence that the cyano nitrogen of ricinine arises from the 


amide nitrogen of nicotinamide (Fig. 1) is shown in Table II. — 
The results of a double labeling experiment (No. 27) in which — 
both nicotinamide-H? and nicotinamide-N! were used indicated © 
that there was approximately twice as much incorporation of | 


N'5 as H3. These data substantiate the views that one-half of 
the tritium activity was lost when nicotinamide or nicotinic acid 
was converted to ricinine, and that the amide-N is retained 3 


the cyano-N. 
Nicotinamide and nicotinic acid were found to disappear 


rapidly from the nutrient solution. Microbioassays indicated — 


that both compounds completely disappeared from the medium 
within 3 days. Tritium assay indicated that 65 to 70% of the 
radioactivity remained at this time. Fig. 2 shows a typical 
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result obtained when nicotinamide-H* was used as a precursor. 
Analysis of this nutrient solution indicated that over 99% of 
the radioactivity was present as tritiated water. Paper chroma- 
tography of the residue indicated that traces of two radioactive 
compounds which were not ricinine, nicotinic acid, or nicotin- 
amide were present. 

The laboratory conditions which were used to germinate and 
grow the castor seedlings were different from the conditions 
which exist in the field, where emergence takes 10 to 14 days. 
To determine whether nicotinamide-H’ could serve as a pre- 
cursor for ricinine in a castor plant grown under field condi- 
tions, 4.9 wmoles of nicotinamide possessing a total activity of 
51 we were injected into the fifth internode of a 60-day-old 
castor plant (physiological stage: 11th node; the plant had 
started flowering). The plant was harvested 24 hours later, 
and 382 wmoles of ricinine having a total activity of 0.51 ue 
were isolated. This result indicated 1.0% incorporation of the 
isotope. The transformation of the N!* in the amide group of 
nicotinamide to the nitrile group of the alkaloid has also been 
verified under field conditions: 16.9 umoles of nicotinamide-N?!5 
(27.7% N'® excess in amide N) were injected into the second 
node of a 24-day-old plant (seventh node; nonflowering). The 
plant was harvested 96 hours later and 211 wmoles of ricinine 
having 0.42% N15 excess were isolated. The results indicated 
19.0% incorporation of N!5 into the alkaloid with a 42-fold 
dilution. This high incorporation of nicotinamide at this stage 
of development of the plant has been verified with the use of 
nicotinamide-H* and with nicotinic acid-7-C“. The significant 
incorporation of precursor into ricinine under these conditions 
when compared to the lack of incorporation by old plants of 
precursor added to the nutrient solution is not understood. 

The studies described above indicate that nicotinic acid and 
nicotinamide are incorporated into ricinine. The results do not 
provide proof that the formation of ricinine from nicotinamide 
or nicotinic acid is the major pathway of biosynthesis, nor is a 
route of synthesis established. However, it seems certain that 
the amide is not incorporated via the free acid. The incorpora- 
tion of these compounds, although limited, appears the more 
significant, however, when compared with the limited incorpora- 
tion of a number of simpler compounds. 

To determine whether other compounds could serve as pre- 
cursors of ricinine, a number of isotopically labeled compounds 
were tested with 25 to 50 castor bean seedlings. The results 
are shown in Table III. Since all the compounds tested are 
known to be metabolites in growing plants, it seems probable 
that the compounds showing very low percentage of incorpora- 
tion into ricinine had been degraded to smaller fragments, some 
of which were utilized for the synthesis of nicotinic acid and, 
hence, ricinine. 

A comparison of the rates of uptake of the labeled compounds 
revealed rather wide differences. An uptake from the medium 
of 90 to 100% was obtained with all compounds except nicotinic 
acid, nicotinamide, sodium formate, aspartic acid, and trypto- 
phan when the experiments were carried out for a 4-day period. 
Table IV shows the time required for disappearance of one-half 
of the radioactivity from the nutrient solution. None of the 
compounds exerted a toxic effect on the plants, nor did they 
stimulate or depress alkaloid production (see Table III). This 
is interpreted as evidence in favor of the rate stability of ricinine 


production. 


C" from pi-glutamate-2-C™, glycine-2-C“, and sodium for- 
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TaBLe III 
Compounds tested as precursors for ricinine* 
Amount | Ricinine 
added basis) 
mc/mmole % | 
Na formate-C!*. . . 1.67 0.88 12.1 | 0.27 37,900 
1.68 0.055 6.8 | 0.15 (105,000 
Na acetate-1-C". .. 3.3 0.061 None 
Na acetate-2-C!*. 1.9 0.026 6.4 | 0.009 |119,000 
B-Alanine-1-C'*...... 1.0 0.084 6.1 None 
B-Alanine-1-C!*...... 3.2 X 107-3 6.68 6.3 None 
pL-Serine-1-C!*...... 1.10 0.13 None 
DL-Serine-3-C!4...... 2.02 0.057 | 10.2 | None 
L-Aspartic acid-H?. . 2.83 0.53 8.3 | None 
pL-Glutamic  acid- 
0.54 0.26 9.6 | 0.32 '115,000 
L-Lysine-C'* —uni- 
formly labeled. ... 88.3 0.01 10.0 | Trace 
Tryptophan-7a-C'4 0.15 0.82 4.9 | None 
pD-Ribose-1-C*. ..... 2.77 0.094 6.4 | 0.024 |295,000 
p-Glucose-1-C'*. .... 1.03 0.13 10.0 | 0.043 194,000 
p-Glucose-C'  uni- 
formly labeled.... 4.2 0.040 7.2 | None 


* Plant height varied from 4 to 9 inches. 
+t Percentage of incorporation was determined by dividing 
total activity of the ricinine by the activity taken up by the 


plants. 


TaBLe IV 
Time required for disappearance of half of radioactivity 


from nutrient solution 


Compound | t/2 
| Ars 
p-Glucose-C"* uniformly labeled.......... 36 
Sodium 73 
Sodium acetate-1-C™..................... 36 
Sodium acetate-2-C'*. 45 
L-Aspartic acid-H?....................... 19% taken up after 
146 hrs 
pL-Glutamic 36 (70) 
L-Lysine-C" uniformly labeled*.......... 36 
Tryptophan-7a-C"f...................... 125 


* Lowest measurement reached a constant for 3 days or longer. 
+t Extrapolated to zero. 


mate-C™ was incorporated into ricinine to approximately one- 
tenth the extent noted for the isotope from labeled nicotinic 
acid or nicotinamide. 


tion of the radioactivity in ricinine. 


Work is underway to determine the posi- 
Attempts to reproduce 


the work of Tamir and Ginsburg (9) on the ozonolytic degrada- 


dation have been unsuccessful. 


O- and N-methyl determina- 


tions have indicated that no activity resides in either methyl 
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group of ricinine synthesized by plants fed pL-glutamate-2-C™ 
and glycine-2-C™. On the other hand, the C from sodium for- 
mate appears predominantly in the methyl groups with about 
equal specific activity in each of the two positions. 

The incorporation of formate into the methyl groups of the 
alkaloid is contrary to the reports of Dubeck and Kirkwood (10). 
The experimental conditions used by these workers were similar 
to those described above, with the exception that the plants were 
grown in distilled water and the isotope added in equal daily 
amounts over a 14-day period. Possibly a nutrient solution 
containing trace minerals as used in the present study is neces- 
sary for the conversion of formate to methyl carbon by the castor 
plant. Rate of growth as affected by nutrient supply and, con- 
sequently, stage of maturity also may be involved. The seed- 
lings used by Dubeck and Kirkwood (10) had an adequate fat 
and protein supply in their endosperm, and these authors sug- 
gested that the plant may depend entirely on the endosperm 
for its labile methyl supply. On the other hand, the source of 
labile methyl may change with stages of growth. 

The incorporation of pL-glutamic acid-2-C* into ricinine is of 
particular interest in view of the finding of Lamberts and Byer- 
rum (27) that in studies with nicotine, most of the activity de- 
rived from glutamate was in the pyrrolidine ring and only a small 
amount in the pyridine ring. The results of the experiments 
in which only a trace of C™ from uniformly labeled L-lysine-C™ 
was incorporated into ricinine (Table III) are similar to those 
reported by Tamir and Ginsburg (9) and were interpreted as 
evidence that this amino acid is not a direct precursor. This 
conclusion is in agreement with the results of Grimshaw and 
Marion (6). 

Although it is doubtful that much importance can be attached 
to precursor incorporation of less than 0.1%, it is of interest to 
note that the incorporation of the C™ of sodium acetate-2-C"™ into 
ricinine confirms the data of Leete (28) which indicated 0.014% 
incorporation into the pyridine ring of nicotine. Other workers 
(13, 29) have reported that the C™ of sodium acetate 2-C" is 
found in the pyridine ring as well as in the pyrrolidine ring of 
nicotine. The limited incorporation of C™ from p-glucose-1-C™ 
and that of p-ribose-1-C"™ indicated that they are not in the main 
biosynthetic pathway of ricinine. 

Further evidence that pyridine ring synthesis in plants pro- 
ceeds by a different metabolic pathway than in animals is shown 
by the lack of incorporation of tryptophan-7a-C". 

The site of synthesis of ricinine was briefly investigated. So- 
dium formate-C™ was incorporated to the extent of 10 to 13% 
in single castor bean plants with excised roots. Nicotinic acid-7- 
C™ was also incorporated into ricinine under similar conditions. 
A plant which had only its tap root incorporated sodium formate- 
C to approximately 2%, whereas plants which had grown new 
roots did not incorporate sodium formate-C'™. The data in 
Table III were obtained from plants which had their complete 
root system and show that the percentage of incorporation of 
sodium formate-C™ was 0.27. It may be concluded that roots 


interfere with the uptake of formate. This is further confirmed 
by plant injections which indicated that 5% of the C™ from 
sodium formate-C™ was incorporated into ricinine during a 96- 
hour period. These data indicate that the roots are not necessary 
for the utilization of formate for methyl groups of ricinine; how- 
ever, they do not indicate whether or not the pyridine ring can 
be synthesized in the absence of roots. 


Ricinine Biosynthesis 


SUMMARY 


Nicotinic acid-H*, nicotinic acid-7-C"™, nicotinamide-H?, and 
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nicotinamide with the amide nitrogen labeled with N15, when — 


present in nutrient solution are incorporated into the alkaloid 
ricinine by the young castor plant. The results indicated that 
the incorporation of these compounds varied from 0.2% to 3.1%, 
depending upon experimental conditions. The studies with Nu 
showed that the cyano nitrogen of the alkaloid originates from 
the amide nitrogen of nicotinamide. Experiments with doubly 
labeled precursors (a) nicotinic acid-H? and nicotinic acid-7-C¥ 
and (b) nicotinamide-H’ and nicotinamide-N' (amide-N), indi- 
cated that the pyridine ring and the amide group are incorporated 
as a unit into ricinine. 

Alkaloid production was not affected by the presence of either 
nicotinic acid or its amide in concentrations varying from 0.71 to 
328 umoles. 
tion which parallels that found in nicotine and anabasine by 
Solt, Dawson, Christman et al. 

In a study of the biosynthesis of the pyridine ring in higher 
plants exemplified by ricinine in the castor bean plant, com. 
pounds considered to be likely precursors were fed in nutrient 
solution. In most cases the compounds were taken up within a 
72-hour period. In no instance did any of the compounds 
exert a toxic effect on the plants, nor did they affect alkaloid 
production. 
warrant further investigation; these were glycine-2-C", pi-glu- 
tamic acid-2-C™, and sodium formate-C". 

A brief investigation as to the site of synthesis of ricinine 


indicated that roots were not necessary in order for C™ from | 


either nicotinic acid-7-C™ or sodium formate-C™ to be incorpo- 
rated into the alkaloid. 
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This indicates a rate stability of ricinine produc. — 


Only three of the 14 compounds tested appear to © 
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The mitochondrial a-glycerophosphate dehydrogenase of 
mammalian tissues (1), as well as that of yeast! and insects (2, 3), 
is a cytochrome-reducing dehydrogenase and functions without 
the mediation of a readily dissociable coenzyme (4, 5). Although 
the mammalian enzyme has not been extensively studied, largely 
because of the lack of a purified preparation, it has been extracted 
from various mitochondrial preparations with the aid of lipo- 
philic dispersing agents (6-8). The dehydrogenase in such dis- 
persed preparations, although free from recognizable components 
of the cytochrome chain, is not in true solution and is not readily 
amenable to fractionation. 

The first paper in this series dealt with the assay of the dehy- 
drogenase and its relation to the respiratory chain (9). In a 
preliminary communication (10), the author described the ex- 
traction of the enzyme in soluble form after digestion of pig 
brain mitochondrial acetone powder with phospholipase A. - The 
present paper is a detailed account of this work and also includes 
an examination of the specificity and general applicability of this 
method for the preparation of mitochondrial a-glycerophosphate 
dehydrogenase in soluble form from various sources. The par- 
tial purification and some properties of the enzyme are also 
presented. 


EXPERIMENTAL PROCEDURE 


Monobutyrin was purchased from Distillation Products 
Industries, polyvinylpyrrolidone from Arthur H. Thomas Com- 
pany, DEAE-cellulose from Brown Company, and snake venoms 
from Ross Allen’s Reptile Institute. Lecithin was prepared by 
the method of Hanahan et al. (11) and crystalline crotoxin by 
the method of Hayaishi (12). Highly purified Clostridium per- 
fringens type A toxin was the gift of Dr. Jack Pensky and was 
found to liberate 1680 uwmoles of acid-soluble phosphate per 15 
minutes per ml at 38°, pH 7.4, with egg yolk lecithin as the 
substrate (13). Partially purified phospholipase D was pre- 
pared from cabbage (14) and was found to liberate 5 uwmoles of 
choline per 5 minutes per mg of protein at 30°, pH 5.6, in the 
presence of 0.005 mM Ca*+*, with egg yolk lecithin as the substrate. 
The general lipase from wheat germ was prepared according to 
the method of Singer and Hofstee (15) and was found to liberate 


* Supported by grants from the National Heart Institute, 
United States Public Health Service, and the American Heart 
Association, and by a contract (Nonr 1656 (00)) between the Office 
of Naval Research and the Edsel B. Ford Institute for Medical 
Research. 

1R. L. Ringler and T. P. Singer, unpublished observations. 


19.3 ul of COz per 33 minutes per mg of protein when assayed as ; 
described in the reference given above with monobutyrin ag _ 


The sources of other materials were as described 
Protein was measured by the biuret method 


substrate. 
previously (9). 


(16), choline by the method of Glick (17), phosphorus by the : 


method of Bartlett (18), and a-glycero-P dehydrogenase activity 
by the manometric phenazine methosulfate assay (9) at 38° in 


the presence of 150 umoles of phosphate, pH 7.6, 3 uwmoles of — 


cyanide, 47 umoles of a-L-glycero-P, and 1.5 mg of phenazine 
methosulfate. A unit of activity is defined as that amount of 
enzyme which causes an QO, uptake of 1 ul per 5 minutes under 
these assay conditions. 

Preparation of Mitochondria—Pig brain mitochondria were 
prepared by a modification of the method of Brody and Bain (19). 
All steps were carried out at 0—4° unless otherwise indicated. 
Pig brains were packed in ice at the slaughterhouse and worked 
up as soon as possible. A 1 kg portion of cerebral hemispheres 
was dissected free from basal structures, ground in a meat grinder, 
and blended for about 45 seconds with 0.25 m sucrose, previously 


adjusted to pH 7.6 with 1 mM K2HPO,, in a 1:9 (weight per vol- 
The resulting 
homogenate was immediately adjusted to pH 7.6 + 0.1 with | 
1 m K.HPO, and centrifuged 12 minutes at 2,200 r.p.m. in an | 
The super- | 


ume) ratio, with an overhead homogenizer (20). 


International model SR-3 centrifuge (1,600 x g?). 
natant solution was decanted and centrifuged at 11,000 r.p.m. 


in the continuous flow rotor (model No. CRF-2) of the Lourdes | 
model LR centrifuge with a flow rate of 120 to 150 ml per minute. ; 


The supernatant solution, along with any poorly sedimented 
material, was discarded. The residue was rehomogenized with 
0.25 m sucrose, pH 7.6, in the ratio of 1:4.5 (weight per volume), 


based on the weight of the starting material and sedimented | 


again in the Lourdes centrifuge. The final residue was suspended 
in sufficient 0.25 m sucrose, pH 7.6, to make the total volume 
about 100 ml. 

Sheep brain mitochondria were prepared by the method just 


described. Beef skeletal muscle mitochondria (20) and yeast — 


granules (21) were prepared by published procedures. 


Preparation of Mitochondrial Acetone Powders—A homogenate | 


of either pig or sheep brain mitochondria, 100 ml, was added 
dropwise from a separatory funnel, over a period of 10 to 15 
minutes, to 3600 ml of anhydrous? acetone (—20°) with stirring. 
The mixture was stirred 5 minutes and then centrifuged for 4 


2 Refers to the centrifugal force at the bottom of the tube in all ‘ 


cases. 
3 The acetone was dried with anhydrous Na2SO.4. 
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minutes at 1500 r.p.m. (600 X g) in an International model SR-3 
centrifuge. The residue was blended with 3 liters of acetone 
(-20°), stirred, and centrifuged as before. The residue was 
extracted with acetone a third time in the same way and the 
suspension was filtered with suction through Whatman No. 2 
filter paper. The moist filter cake was washed with a total of 
about 500 ml of ethyl ether (—20°) and then dried in a vacuum 
at room temperature for 2 hours. The dried material may be 
stored at —20° for several weeks without significant loss of 
activity. 

Acetone powders of beef skeletal muscle mitochondria were 
prepared by the method described by Singer et al. (20) for such 
preparations from heart muscle. 

Extraction and Partial Purification of a-Glycero-P Dehydro- 
genase from Pig Brain Mitochondrial Acetone Powder—Step 1. A 
3% (weight per volume) suspension of acetone powder in 0.03 
u phosphate, pH 7.6, was homogenized in a glass-Teflon homoge- 
nizer, stirred for 20 minutes at 0°, and centrifuged for 20 minutes 
at 20,000 x g. The supernatant solution was discarded and the 
residue again extracted with phosphate buffer to assure complete 
removal of readily extractable proteins. 

Step 2. The residue was again homogenized with phosphate 
buffer as in Step 1. The vessel containing the homogenate was 
gassed with nitrogen for 3 to 4 minutes and Naja naja venom 
(0.3% (weight per volume) homogenate in 0.03 m phosphate, 
pH 7.6) was added in the ratio of 1 mg of venom per 90 mg of 
protein. The vessel was gassed with nitrogen for an additional 
3 to 4 minutes while the contents were mixed, and the mixture 
was incubated for 1 hour at 30°. After cooling, it was centrifuged 
for 30 minutes at 105,000 x g. 

Step 3. The supernatant solution from Step 2 was adjusted to 
pH 7.3 to 7.4 at 0° and fractionated with solid ammonium sulfate 
between the limits of 0 and 0.3‘ saturation and between 0.3 and 
0.5 saturation. The pH was maintained in the range of 7.3 to 
7.4 during the addition of the salt with dilute ammonia. The 
precipitate collected between 0.3 and 0.5 saturation was sus- 
pended in 0.005 m phosphate, pH 7.6, and dialyzed against a total 
of 1000 volumes of the same buffer. 

Step 4. The preparation was normally frozen overnight at the 
end of Step 3. The next morning it was thawed and centrifuged 
for 30 minutes at 144,000 x g. The resulting small pellet was 
discarded. The supernatant solution was adjusted to pH 7.3 to 
7.4 and fractionated with neutral saturated ammonium sulfate 
solution between the limits of 0 and 0.3 saturation and between 
0.3 and 0.4 saturation. The pH was maintained at 7.3 to 7.4 
throughout the precipitation. Both precipitates were suspended 
in 0.005 m phosphate, pH 7.6, and dialyzed against a total of 
1000 volumes of the same buffer. 


RESULTS AND DISCUSSION 


Preparation of Soluble Dehydrogenase—Although alkaline ex- 
traction of mitochondrial acetone powders prepared from beef 
skeletal muscle, or pig and sheep brains, results in the extraction 
of succinic dehydrogenase in soluble form,! a-glycero-P dehy- 

nase, a closely related enzyme, is not rendered soluble by 
this technique. On the other hand, digestion of these mitochon- 
drial preparations with a suitable preparation of phospholipase 
A liberates a-glycero-P dehydrogenase in soluble form, whereas 
succinic dehydrogenase is not extracted.! 


‘Saturation corresponds to 70.3 g of solid ammonium sulfate 
per 100 ml of solvent. 


R. L. Ringler 
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TABLE 


Effect of time of digestion on extents of inactivation and of extraction 
of a-glycero-P dehydrogenase in soluble form 


Conditions: A 3% (weight per volume) homogenate of pig brain 
acetone powder in 0.03 m phosphate, pH 7.6, was incubated at 30° 
with the venom indicated at a low ratio of venom to mitochondrial 
protein (1 mg/250 mg) in order to show the time course of the 
reaction. Aliquots were removed for assay before and after cen- 
trifugation at the time intervals indicated. The percentage of 
inactivation was calculated as 100 — (B/A X 100) and the per- 
centage of extraction as C/B X 100; A is the activity in the 
homogenate incubated under the conditions given except for the 
omission of solubilizing enzyme, B the activity in the homogenate 
after incubation with the solubilizing enzyme, and C the activity 
in the supernatant solution resulting from centrifugation (20 
minutes at 24,000 X g) of the latter homogenate. 


Source of venom Incubation time; Inactivation Extraction 
min % 

N. naja 30 31 34 
60 35 48 
90) 30 61 

C. terrificus 30 32 34 
60 38 49 
90 42 82 


The conversion of the particulate dehydrogenase to the soluble 
state is attended by a partial loss of catalytic activity (Table I), 
which is manifest in both the phenazine methosulfate and ferri- 
cyanide assays (9). This loss is not a reflection of a decrease in 
the affinity of the enzyme for the electron acceptor, inasmuch as 
the activities were calculated for infinite dye concentration 
(V max). The maximal inactivation reached was about 50% in 
the phenazine methosulfate assay. The presence of substrate 
(0.02 m), cysteine (0.001 m), or of purified egg yolk lecithin (10 
mg per mg of N. naja venom) during the digestion failed to 
protect the dehydrogenase from this partial inactivation, nor 
did these compounds alter the degree of extraction except in the 
case of lecithin, which inhibited the process to a minor extent. 
Although the time course of the inactivation and of extraction do 
not coincide (Table I), both appear to be the result of the action 
of phospholipase A rather than of an impurity in the venom. 

The conclusion that the release of the dehydrogenase in soluble 
form from mitochondrial preparations is due to the phospholipase 
A activity of the snake venom is based on the observation that 
Crotalus terrificus venom, heated for 15 minutes at 100° at pH 
5.9, and crystalline crotoxin are both effective in liberating the 
dehydrogenase (Table II). The phospholipase A of C. terrificus 
is reported to be largely thermostable under these conditions 
(12, 22) and crotoxin is a crystalline preparation isolated from 
the venom of the same species (23). Inasmuch as in these 
experiments the degree of inactivation was essentially the same 
as in digestions with whole lyophilized venom, the possibility 
that the inactivation is the result of another (e.g. proteolytic) 
enzymatic activity is materially lessened. Also, when the solu- 
bilizing ability of C. terrificus venom is selectively inhibited by 
the presence of a high concentration of inorganic phosphate in 
the digestion mixture (Fig. 1), inactivation is also virtually 
eliminated. It therefore appears quite probable that both the 
release of the soluble enzyme from the respiratory chain and the 
partial inactivation are the results of the action of phospholipase 
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TABLE II 
Evidence that phospholipase A is agent responsible for liberation of 
a-glycero-P dehydrogenase in soluble form 


A 3% (weight per volume) homogenate of acetone powder was 
incubated at 30° for 60 minutes in 0.03 mM phosphate, pH 7.6, ex- 
cept in Experiment 2 in which 0.025 m phosphate-0.005 m KCl was 
the incubation medium. Assays were performed by the phenazine 
methosulfate method and the percentage of inactivation and ex- 
traction was calculated as in Table I. In Experiment 2, venom 
used had been heated at 100° for 15 minutes in 0.02 M acetate, pH 
5.9, and centrifuged to remove coagulated proteins. 


Source of phospholipase | Ratio Extraction 
mg venom/mg 
acetone powder /0 
1 C. terrificus venom 1:180 41 83 
1:900 38 49 
2 C. terrificus boiled venom | 1:272* 42 53 
1:545* 44 38 
1:1,090* 42 15 
3 Crystalline crotoxin , 1:197T 30 88 
1:977 36 99 
4 N. naja venom 1:250 48 61 
1:900 35 48 


* Mg of venom protein per mg of acetone powder. 
t Mg of venom protein per mg of biuret protein in the phos- 
phate-extracted acetone powder. 


> 80-; 
5 

< 604, - 
a 

<a 

5 40- a - 

32 20+ 


|.O 2.0 
MG. VENOM PROT. / I50 MG. 
ACETONE POWDER 


Fic. 1. Effect of high phosphate concentration on the inactiva 
tion of a-glycero-P dehydrogenase and on its conversion to a 
soluble form by phospholipase A. Ordinate, percentage of total 
activity. Abscissa, ratio of venom protein to mitochondrial 
acetone powder. A——A, progress of the inactivation in low 
(0.025 mM) phosphate; O——O, progress of the inactivation in 
high (0.3 M) phosphate; A——A, progress of solubilization in low 
phosphate; @——®, progress of solubilization in high phosphate. 
Conditions: A 3% (weight per volume) homogenate of acetone 
powder in 0.005 m KC1-0.025 m phosphate (low phosphate) pH 7.6, 
or in 0.3 m phosphate (high phosphate), pH 7.6, was incubated 
with boiled C. terrificus venom as indicated for 60 minutes at 30°. 
The venom, in 0.02 mM sodium acetate buffer, pH 5.9, was heated 
for 15 minutes in a boiling water bath, cooled, and centrifuged 
before being used. The inactivation is expressed as the percent- 
age of decrease in total activity on incubation of a homogenate 
with venom. Solubilization is calculated from the ratio of activ- 
ity in solution after ultracentrifugation to that in suspension at 
the end of the incubation. 


Mitochondrial a-Glycero-P Dehydrogenase. 


IT 
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A. The fact that certain enzyme preparations (phospholipase (0 


and D, and the general lipase from wheat germ (Table III)) were 
ineffective in liberating the dehydrogenase in soluble form byt 
caused some inactivation does not contradict this conclusion 
since the enzymes employed were not homogeneous and the 
presence of contaminating proteolytic activity or of inhibitor 
was not unlikely. 


Among the various enzyme preparations tested all sources of — 


phospholipase A were found to be suitable for the liberation of 
the dehydrogenase in soluble form, whereas digestion with phos. 


pholipases C and D or a general lipase did not lead to the extrac. 


tion of the enzyme (Table III). 

a-Glycero-P dehydrogenase may also be extracted from the 
mitochondria without prior conversion to an acetone powder; 
however, as might be expected, a larger amount of venom (ap. 
proximately 1 mg/10 mg of mitochondrial protein) is required, 


Extraction from mitochondria has not been studied extensively 


inasmuch as the use of mitochondrial acetone powder has the 
advantage of providing a stable starting material and extraction 
with phosphate buffer (see later in text) before digestion with the 


TABLE III 


Effectiveness of various enzyme preparations for extraction of 
a-glycero-P dehydrogenase 


An acetone powder of pig brain mitochondria was incubated as 
a 3% (weight per volume) homogenate with the lipase prepara- 
tions at 30° for 60 minutes in 0.03 M phosphate, pH 7.6, except as 
follows. In the phospholipase C experiment, the incubation was 
for 15 minutes at 38° in 0.08 m borate, pH 7.4, with 0.003 m Ca* 
present, and with phospholipase D, 45 minutes of incubation at 
30° in 0.02 mM imidazole, pH 7.0, and 0.005 m Cat* were used. The 
ratio in the second column refers to milligrams of venom per 
milligram of mitochondrial protein in the phospholipase A ex- 
periments, to milliliters of a highly purified toxin preparation 
(cf. ‘‘Experimental Procedure’’) per milligram mitochondrial 
protein in the phospholipase C experiment, and to milligrams of 
added protein per milligram of mitochondrial protein in the 
phospholipase D and wheat germ lipase experiments. 


Solubilizing enzyme Ratio Inactivation! Extraction 
% 

Phospholipase A 
Agkistrodon piscivorus 1:780 30 83 
1:150 40 87 
1:78 36 101 
1:39 39 101 
N. naja 1:90 40 92 
1:39 58 89 
Crotalus atroz 1:78 52 66 
1:39 51 74 
C. terrificus terrificus 1:78 55 91 
1:39 52 80 
Phospholipase C 1 ml:100 9 0 
1 m1:75 10 0 
Phospholipase D 1:5 34 0 
Wheat germ lipase 1:12 2 0 
1:6 22 0 
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yenom accomplishes an appreciable purification of the a-glycero- 
P dehydrogenase activity. 

Snake venom phospholipase A is also effective in liberating the 
mitochondrial (7.e. non-DPN-linked) a-glycero-P dehydrogenase 
in soluble form from sources other than pig brain mitochondria 
(Table IV). Ina preliminary experiment, mitochondria pre- 
pared from sheep brain (Qo, = 56) behaved essentially like those 
from pig brain, but optimal conditions for the extraction were 
not investigated further because of the relatively low a-glycero-P 
dehydrogenase activity in this tissue. Snake venoms also appear 
to be potentially useful for the extraction of the soluble dehy- 
drogenase from skeletal muscle but not from bakers’ yeast, since 
the liberation of the enzyme in soluble form from the latter source 
is attended by extensive inactivation (Table IV). 

Partial Purification of Dehydrogenase from Pig Brain—The 
dehydrogenase extracted from pig brain mitochondria after 
digestion with snake venom is in true solution as judged by the 
criteria that it fails to sediment after centrifugation at 144,000 x 
g for 1 hour (8), it is not precipitated at low (25% or less) satura- 
tions of ammonium sulfate and, unlike dispersed preparations, it 
does not revert to the particulate form on extensive dialysis 
followed by repeated freezing and thawing. Although the over- 
all purification given in Table V is only 10-fold compared with 
the mitochondrial acetone powder used as the starting material, 
it should be pointed out that considerable purification is achieved 
in the preliminary isolation of the mitochondria from whole 
brain, and, further, because of the partial loss of activity in the 
phenazine methosulfate assay in the digestion step, this assay 
may not be a true index of the degree of purification reached. 

Fractionation of Dehydrogenase by Column Chromatography— 
Efforts to purify the enzyme further by isoelectric precipitation, 
column chromatography on DEAE-cellulose and electrophoresis 
have not given promising results... In the course of these experi- 
ments it was observed, however, that column chromatography 
on hydroxylapatite (24) resolved the enzyme into several discrete, 
enzymatically active fractions (25). In a typical experiment, 
three distinct enzymatically active peaks were observed (cf. 
Peaks B, C, and D in Fig. 2). The appearance of these chro- 
matographically distinct fractions does not appear to be a techni- 
eal artifact of discontinuous elution inasmuch as rechroma- 
tography of Peak B (Fig. 2) under identical conditions yielded 
the corresponding fraction and very little contamination with 
the other peaks (Fig. 3). 

Although chromatography on hydroxylapatite under these 
conditions is a highly reproducible technique, it does not lead to 
significant purification of the dehydrogenase. The specific 
activity of Peaks B and C was only slightly higher than that of 
the starting material before chromatography, and Peak D had a 
slightly lower specific activity. 

The same three components were observed when crystalline 
crotoxin, instead of crude N. naja venom, was used, suggesting 
that the three enzymatic activities do not reflect that action of 
impurities (e.g. proteolytic enzymes) in the crude phospholipase 
A preparation. 

The partially purified a-glycerophosphate dehydrogenase was 
also chromatographed on calcium phosphate gel-cellulose (26). 
In this instance, two enzymatically active fractions were ob- 
served. The occurrence of multiple enzymatically active peaks 
is, therefore, not peculiar to chromatography on hydroxylapatite. 

Behavior similar to that observed in Fig. 2 and on calcium 
phosphate gel-cellulose chromatography was also seen with 
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TaBLeE IV 


Liberation of a-glycero-P dehydrogenase in soluble form from 
various sources with N. naja venom 


Conditions: Incubations with N. naja venom were performed in 
0.03 m phosphate, pH 7.6, at 30°, except in the case of yeast gran- 
ules, for which 0.045 m phosphate was used. The time of incuba- 
tion was 45 minutes in the first experiment, 60 minutes in the 
others. The ratios given refer to milligrams of venom per milli-. 
gram of protein in the source material indicated in the first col- 
umn. Dehydrogenase activity was determined with phenaziné © 
methosulfate. Inactivation and extraction were calculated as in 
Table I. 2 


Source of dehydrogenase Ratio Inactivation Extraction 
% 
Acetone powder of 1:135 18 32 
sheep brain mito- 
chondria 
Yeast granules 100 77 54 
710 89 50 
Acetone powder of 1:176 23 31 
beef skeletal muscle 1: 36 49 
TABLE V 
Purification of a-glycero-P dehydrogenase 
from pig brain mitochondria 
Fraction Total activity Qo, 
pl O2/5 min | 
93 ,000 270 
Acetone powder...................... 92 ,000 270 
Phosphate-extracted acetone powder. . 71 ,000* 318 
Homogenate after incubation with 
Supernatant solution from previous 
First (NH,4)2SO, fractionation......... 31,500 1,416 
Supernatant solution after freezing 
and thawing, and ultracentrifuga- 
Second (NH,)2SO, fractionation 
Fraction 0 to 0.2. 11,500 1,614 
Fraction 0.3 to 0.4.................. 11,000 2,616 


* The decrease in activity from the previous step is largely a 
mechanical loss which can be recovered in the pellet after cen- 
trifugation of the phosphate extracts in the Spinco No. 30 rotor 
for 15 minutes at 30,000 r.p.m. 


choline dehydrogenase of rat liver (27) another enzyme which 
requires digestion with phospholipase A to accomplish its ex- 
traction. 

Although the pre-existence within the mitochondria of multiple 
forms of a-glycero-P dehydrogenase and choline dehydrogenase is 
considered unlikely, no entirely satisfactory explanation for this 
curious behavior is at hand, but one plausible explanation is as 
follows. The fact that phospholipase A is a highly specific agent 
for the liberation of the dehydrogenase from the mitochondrial 
matrix strongly suggests that phospholipid bridges are involved 
in linking the enzyme to the respiratory chain. If a single type 
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and ACTIVITY 


100 
TUBE NO. 


Fic. 2. Column chromatography of partially purified a-glycero 
P dehydrogenase on hydroxylapatite. a-Glycero-P dehydro- 
genase was purified through Step 3 (cf. ‘‘Experimental Proce- 
dure’’) except that the second extraction of the acetone powder 
with phosphate buffer, Step 1, was omitted. Protein (total Eos, 
137), 128 mg, containing 8177 units of activity was applied to a 
column 4.5 cm in diameter and 11 em long, which was equilibrated 
with 0.03 m phosphate, pH 7.4, and eluted with the same buffer. 
Buffer changes were made at.the tube indicated by the arrows as 
follows: 0.15 m phosphate, pH 8.0; 0.3 m phosphate, pH 8.0; and 
0.12 m pyrophosphate, pH 8.6. @——®@, F2s0; O——O, units per 


ml X ibo- 


1.0 


and ACTIVITY 


40 60 80 
TUBE NO. 


Fic. 3. Rechromatography of Peak B, Fig. 2, on hydroxyl- 


apatite. The contents of tubes 53 to 61 (Fig. 2) were combined 
and dialyzed first against a total of 1000 volumes of 0.005 m phos- 
phate, pH 7.6, to reduce the salt concentration and then against 
20 volumes of a 30% (weight per volume) solution of polyvinyl- 
pyrrolidone in 0.005 m phosphate, pH 7.6, to effect concentration. 
Protein (total Eeso, 15.0), 14.4 mg, containing 850 units of activity 
was applied to a column 2 cm in diameter and 6.5 cm long prepared 
as for Fig. 2. The column was eluted with the same buffers used 


for Fig. 2. @——®, O——O, units per ml X 


of phospholipid were involved in this linkage, then the action of 
the phospholipase would lead to only one form of the dehydro- 
genase. However, if several different phospholipids were in- 
volved in linking the dehydrogenase to the mitochondrial matrix 
and if some of the products of the enzymatic hydrolysis remained 
attached to the dehydrogenase, then a heterogeneous population 
of a-glycero-P dehydrogenase molecules might arise as a result of 
phospholipase action. In order to test the possibility that the 
presence of lipid material was responsible for the apparent chro- 
matographic heterogeneity of the purified enzyme, the latter was 
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vigorously extracted with isodctane before chromatography op 
hydroxylapatite. On subsequent chromatography these prep- 
arations exhibited behavior identical to that of the unextracted 
ones. It must be remembered, however, that isoéctane extrae. 
tion is not certain to remove protein-bound lipids. In fact, the 
isolation from solvent-extracted particles of a high lipid form of 
DPNH dehydrogenase has been reported (28). 

Properties and Composition of the Purified Preparation—Free — 
electrophoresis of a purified preparation (Qo, = 900) of the de. — 
hydrogenase at a protein concentration of 10 mg per ml over the | 
pH range of 7.1 to 8.6 revealed the presence of only a single 
component with almost no skewing of the schlieren pattern, 


TABLE VI 


Tron and flavin content of partially purified 
a-glycero-P dehydrogenase 

Total iron was determined after digestion with HNO;-HCI0, 
with 4,7-diphenyl 1,10-phenanthroline (30). Acid-soluble iron — 
was measured by the same method after deproteinization with 
cold 5% trichloroacetic acid. Total flavin was calculated from | 
the AE4o absorption after reduction with sodium hydrosulfite | 
(e = 10.3 X 10° cm? per mole) after digestion with trypsin-chymo- 
trypsin (1 mg of each per 32 mg of protein, digested 60 minutes at 
38°, pH 7.4) and deproteinized with trichloroacetic acid. Flavin 
liberated by denaturation with trichloroacetic acid was measured f 


either by the same method or fluorimetrically. 
Iron Flavin 
Qo, 
Total Acid-soluble Total Acid-soluble 
pl g protein/mole g protein/mole 
555 3.7 K 108 | 3.7 X 108 
660 5.2 105 | 2.3 108 
1200 4.5 X& 105 5.1 & 108 | 5.1 X 108 
2600 3.5 X 105 2.1 X 108 
0.00 
2 
2 006 
> 2 
425 475 
- WAVE LENGTH - 
S 
0.2 7 
a 


400 500 600 
WAVE LENGTH my 

Fic. 4. Absorption spectrum of partially purified a-glycero-P 
dehydrogenase (Qo,, 2600), protein concentration 13 mg per 
Determinations were made on a Beckman model DU spectro — 
photometer with a 1 cm light path. O——O, spectrum of ox- — 
dized enzyme. The difference spectra (shown in the insert) were — 
recorded after the addition of a few granules of sodium hydro- 
sulfite (@——@), or 5 umoles of substrate (O——O), in 4 total | 
volume of 0.2 ml. In the difference spectra, a decrease in optical 
density indicates bleaching. 
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The mobility was calculated to be —6.5 + 0.1 xX 10-> cm? per 
sec per volt, over this pH range, and, surprisingly, no change in 
mobility was observed. In the analytical ultracentrifuge, one 
preparation (Qo, = 1700) at a protein concentration of 9.4 mg 
per ml showed a single sedimenting component with considerable 
skewing (rotor speed = 59,780 r.p.m.). With a somewhat more 
purified preparation (Qo, = 2600) at a much higher protein 
concentration (26 mg per ml), four very poorly resolved compo- 
nents were detected under the same conditions. The major 
component in both experiments had an 820 of 7.5 + 10%. 

Despite this evidence of heterogeneity, it was of interest to 
examine the preparation for metal and vitamin content, inas- 
much as the purification attained was considered sufficient to rule 
out the role of those cofactors which were not demonstrable. In 
partially purified preparations (Qo, = 600), no evidence for 
bound pyridine nucleotide was found either by deproteinization 
with perchloric acid or by complete digestion with trypsin and 
chymotrypsin, with a very sensitive fluorimetric method (29) 
for assay. Thus, the mitochondrial enzyme in brain does not 
share the reaction mechanism of its extramitochondrial counter- 
part, which is DPN-linked. Emission spectroscopy’ showed 
iron to be the only metal present in a significant amount. Quan- 
titative determination of the iron (Table VI) in all preparations 
showed the presence of considerable amounts of iron, the majority 
of which was not liberated by acid denaturation. No heme was 
detected by the pyridine hemochromogen method (31, 32). 

The purified enzyme contained a rather small amount of flavin 
(Table VI) which appeared to increase somewhat during the 
purification procedure. All the flavin was liberated by acid 
denaturation and is therefore not of the flavin-peptide type 
found in the succinic dehydrogenase from beef heart (33). 

The spectrum of the oxidized enzyme (Qo, = 2600) shows a 
well defined absorption maximum at 415 my (Fig. 4) which is not 
bleached by the substrate (insert, Fig. 4). Only a small amount 
of the reduction (about 15%) attainable at 450 my with hydro- 
sulfite was observed upon reduction by the substrate. Consider- 
ing the small amount of flavin present in the preparation and that 
only a limited reduction occurs at 450 mu upon addition of sub- 
strate, the role of the flavin remains uncertain. 

The amount of iron present in purified preparations is con- 
sidered sufficient to suggest that it may be a component of the 
enzyme. The observation that the iron is not readily liberated 
by denaturation (e.g. with cold 5% trichloroacetic acid) and the 
absorption maximum seen in the 415-my region (Fig. 4) are 
reminiscent of the properties of the succinic dehydrogenase of 
Mvcrococcus lactilyticus (34), a flavoprotein with an unusually 
high iron content, and of the enzyme from rat liver (35) which 
catalyzes the oxidation of inositol to p-glucuronic acid; the latter 
has been reported to contain iron as the only recognizable 
prosthetic group. 


SUMMARY 


1. The extraction of a-glycerophosphate dehydrogenase in 
soluble form with the aid of phospholipase A from acetone pow- 
ders of pig and sheep brain and of beef skeletal muscle mitochon- 
dria has been described. 

2. All snake venoms known to be good sources of phospholipase 

*The author is indebted to Mr. E. F. Runge of the Scientific 


ratories of the Ford Motor Company for performing the 
spectral analysis. 
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A liberated the dehydrogenase in soluble form, whereas phos- 
pholipases C and D as well as a general lipase from wheat germ 
were completely ineffective. 

3. An inactivation, which amounts to about 50% in the 
phenazine methosulfate assay routinely used, accompanies the 
release of the dehydrogenase. Both the inactivation and the 
liberation of the enzyme from the particle appear to be the result 
of the action of phospholipase A. ' 

4. A procedure for the partial purification of the enzyme from 
pig brain mitochondria was described. 

5. The purified preparation appeared to be homogeneous in 
electrophoresis but heterodisperse in the ultracentrifuge. Chro- 
matography on hydroxylapatite columns resulted in several 
enzymatically active peaks. 

6. The purified enzyme (Qo, = 2600) was found to contain 
non-heme iron (1 mole per 3.5 < 10° g of protein) and flavin (1 
mole per 2.1 X 10° g of protein) as the only recognizable metal or 
vitamin constituents. 
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A number of specific reactions! which require vitamin By, co- 
enzymes have recently been described (1-3). As yet the cata- 
lytic function of these coenzymes is unknown. The solution of 
this problem depends upon an understanding of the mechanism 
of By-requiring reactions. A system which lends itself well to 
such a study is the cobamide-requiring conversion of 1 ,2-pro- 
panediol to propionaldehyde (3). This reaction, an intramolec- 
ular oxidation-reduction, involves the replacement of the sec- 
ondary hydroxyl group of propanediol by hydrogen and the 
concomitant conversion of the primary hydroxyl group to an 
aldehydic group. ‘Two experimentally distinguishable mecha- 
nisms exist for the reduction of the secondary hydroxyl group. 
The hydrogen required for this reduction can arise either from 
the solvent or from the propanediol molecule itself. In order to 
distinguish between the two possibilities, we carried out the 
enzymatic conversion in heavy water. 

If the hydrogen which replaces the secondary hydroxyl group 
is furnished by the solvent, then the resulting propionaldehyde 
will contain deuterium in the @ position. If, on the other hand, 
the hydrogen is derived from the propanediol molecule itself, the 
propionaldehyde will contain no deuterium, provided that 
propionaldehyde does not incorporate deuterium from the solvent, 
subsequent to its formation. 


EXPERIMENTAL PROCEDURE 


Enzymes and Substrates—The source of the enzyme was the 
lyophilized, charcoal-treated bacterial extract described pre- 
viously (3). 1,2-Propanediol was purchased from the Eastman 
Kodak Company and redistilled before use. The adenylco- 
bamide coenzyme was the partially purified preparation ob- 
tained after charcoal column chromatography (4) and contained 
approximately 15% adenyl-cobamide coenzyme. 

Since the a hydrogen of propionaldehyde is exchangeable under 
certain conditions, it was necessary to carry out control experi- 
ments to demonstrate that propionaldehyde neither lost nor 


* This work was supported by a grant from the National Insti- 
tutes of Health, United States Public Health Service, and the 
Development Fund of The Ohio State University. 

. ne address, Allied Chemical Company, New York, New 
ork. 
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‘The reactions referred to are to be distinguished from numer- 
ous metabolic processes which require vitamin By, in which the 
— coenzyme function of the vitamin has not yet been estab- 


gained deuterium subsequent to its formation from propanediol 
or during the isolation procedure. To this end, the following 
two experiments were carried out. 

Control Experiment 1—This experiment was carried out in 
order to establish whether the procedure employed for the isola- 
tion of the enzymatically formed propionaldehyde would lead 
to loss of deuterium. a-Deuteropropionaldehyde was prepared 
by adding propionaldehyde to a 0.2 m solution of deuterophos- 
phoric acid and allowing the solution to stand for 24 hours at 
room temperature. The pH was then adjusted to 7.4, and 
propionaldehyde was isolated from an aliquot as the dimedone 
adduct. This adduct was taken up in base and reprecipitated 
in order to remove all exchangeable deuterium. From the 
deuterium content of the dimedone adduct it was calculated that 
0.49 atom of deuterium had been exchanged into the propionalde- 
hyde. 

From the remainder of the solution, propionaldehyde was 
isolated as the 2,4-dinitrophenylhydrazone by the procedure 
which was also to be employed for the isolation of the enzymati- 
cally formed aldehyde. For this isolation 2,4-dinitrophenyl- 
hydrazine reagent in deuterated solvent was used to eliminate 
the possibility of deuterium loss during dcrivative formation. 
This reagent was prepared by adding enough concentrated 
sulfuric acid to heavy water to give a 2 N solution, and dissolving 
in it sufficient 2 ,4-dinitrophenylhydrazine to give a 1% solution. 
This reagent (12.5 ml) was added to 5 ml of cold reaction mixture. 
The resulting precipitate was removed and dissolved in benzene. 
The benzene solution was passed through a 6- by 35-mm column 
of Fisher adsorption alumina, 80 to 100 mesh. The column was 
washed with 5 ml of benzene, and the combined effluents were 
brought to dryness yielding the 2,4-dinitrophenylhydrazone, 
which was then recrystallized from ethanol. The 2,4-dinitro- 
phenylhydrazone contained 0.48 atom of deuterium per molecule. 
Since the propionaldehyde from which it was derived contained 
0.49 atom, it can be concluded that the isolation procedure em- 
ployed leads to essentially no loss of deuterium. 

Control Experiment 2—The second control experiment was 
carried out to establish whether any deuterium was introduced 
into the propionaldehyde subsequent to its formation from 
propanediol or during the isolation procedure. An amount of 
propionaldehyde equal to that formed during the enzymatic 
reaction was added over a period of 30 minutes to a buffer solu- 
tion, in deuterated solvent, identical to that employed in the 
actual enzymatic reaction. The propionaldehyde was then 
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isolated by the procedure described. The 2,4-dinitropheny!- 
hydrazone contained 0.10 atom of deuterium. This represents 
the amount of deuterium which can be expected to be found in 
the propionaldehyde if the mechanism of formation does not 
involve deuterium incorporation from the solvent. 

The actual enzymatic conversion of propanediol to propion- 
aldehyde was carried out in the following manner. The reaction 
was carried out in 99.5% D.O. The buffer employed was pre- 
pared by dissolving the buffer salts in heavy water and evaporat- 
ing the solution to dryness. The remaining salts were then 
dissolved in sufficient heavy water to give a buffer of the proper 
concentration. The reaction mixture consisted of 5 ml of 0.04 
M potassium phosphate, pH 7.4, 1 mg of partially purified adenyl- 
cobamide coenzyme, 20 mg of lyophilized bacterial extract, and 
77 wmoles of 1,2-propanediol. The reaction was allowed to 
proceed for 30 minutes, cooled to 5°, and the propionaldehyde 
isolated as the 2,4-dinitrophenylhydrazone by the procedure 
described (see Control Experiment 1). The product obtained 
melted at 151-153°. The deuterium content was found: to be 
0.10 atom per molecule. The yield in the over-all isolation pro- 
cedure was 30 to 35% based upon the amount of propionaldehyde 
formed. This yield is identical to that obtained when an equiva- 
lent amount of propionaldehyde is added to the reaction mixture 
and then isolated by the procedure described. 

Deuterium Analysis—All compounds were diluted with non- 
isotopic carrier to give a deuterium content of 0.3 to 0.8%. The 
diluted compounds were oxidized, and the resulting water was 
collected. This was converted to hydrogen (5). The deuterium 
content of the hydrogen was determined with a Consolidated 
Electrodynamics mass spectrometer, model 620. 


RESULTS AND DISCUSSION - 


Significant results can be obtained only if propionaldehyde 
does not incorporate deuterium from the solvent subsequent to 
its formation from propanediol and does not lose deuterium 
during the isolation procedure. Control experiments 1 and 2 
demonstrate that both these conditions are met. When a- 
deuteropropionaldehyde was carried through the isolation proce- 
dure, no deuterium was lost (Experiment 1). When non- 
deuterated propionaldehyde (Experiment 2) was incubated in 
deuterated medium under conditions identical to those employed 
for the enzymatic reaction, 0.10 atom of deuterium was found 
per molecule of the 2,4-dinitrophenylhydrazone isolated. This 
amount of deuterium is relatively small compared to one atom 
of deuterium which would be expected if enzymatic propional- 
dehyde formation involves deuterium incorporation from the 
solvent. 

The 2,4-dinitrophenylhydrazone from the enzymatically 
formed propionaldehyde contained 0.10 atom of deuterium per 
molecule. It can therefore be concluded that the enzymatic 
conversion of propanediol to propionaldehyde does not involve 
deuterium incorporation from the solvent, and that the hydrogen 
which replaces the secondary hydroxyl group is derived from C-1 
of propanediol by a mechanism which does not involve exchange 
with solvent protons. The small amount of deuterium (0.10) 
atom which was found in propionaldehyde was probably intro- 
duced through exchange subsequent to the enzymatic reaction 
as indicated by Control Experiment 2. 

In a nonenzymatic conversion of propanediol to propionalde- 
hyde, two possible mechanisms could be involved: 


CH;—CHOH—CH.20H — CH;—CH=CHOH — 


(1) 
CH;—CH.—CHO 
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Equation 1 involves the initial formation of an enol and subge. 
quent ketonization, which results in the formation of a ney 
carbon-hydrogen bond. This hydrogen is obtainable from the 
solvent and therefore leads to deuterium incorporation when the 
reaction is carried out in D,O. Equation 2, on the other hand, 
involves an intramolecular shift of hydrogen. It is represented 
as the migration of a hydride ion from C-1 of propanediol to C-2 
with the concomitant displacement of the hydroxyl group. Ip 


(2) 


this equation all the carbon-bound hydrogen atoms of propion. — 


aldehyde are derived from propanediol; none is acquired from 
the solvent. The observed lack of deuterium incorporation 
during the enzymatic conversion of propanediol is therefore 
consistent with Equation 2 but not with Equation 1. In an 


enzymatic reaction, however, some possible additional complica. | 
A reaction which under nonenzymatic — 
conditions involves incorporation of hydrogen from the solvent _ 


tions must be considered. 


could proceed enzymatically without hydrogen incorporation 
from the solvent if the reaction site is of such a nature that the 
exchangeable hydrogen atoms are not in equilibrium with the 
solvent. In this event, the experiment carried out does not 


distinguish between the mechanisms of Equations 1 and 2. This | 


does not seem likely, since our results would require complete 
inaccessibility of the reaction site to water molecules. No experi- 
mental precedent exists for such a situation. A more reasonable 
possibility is a hydrogen transfer mediated through some other 
molecule, rather than the direct transfer represented by Equa- 
tion 2. The cobamide coenzyme could well serve such a fune- 
tion. If this were the case, the function of the cobamide co- 
enzyme would be to transfer electrons, or a hydride ion, from C-1 
to C-2 during the conversion of propanediol to propionaldehyde. 
Such a mechanism is speculative, since the experiments described 


here do not lead to any conclusion concerning the detailed func- _ 


tion of the cobamide, but have established only the nonexchange- 
ability of the hydrogen transferred. 

A somewhat similar function for the cobamide coenzyme has 
been postulated (6) for the conversion of methylmalony]-CoA to 


succinate. These authors, however, prefer a one-electron mecha- | 


nism. 
SUMMARY 
The mechanism of the cobamide coenzyme-dependent con- 


version of 1 ,2-propanediol to propionaldehyde and intramolecu- — 


lar oxidation-reduction has been studied. It was demonstrated 


that the hydrogen which is transferred during the course of this 
reaction from the C-1 to the C-2 position of propanediol does — 


not exchange with the solvent. 
serve as “hydrogen carrier” in this reaction was suggested. 
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In this paper are reported observations on a system in which 
adenosine diphosphate and orthophosphate are synthesized into 
adenosine triphosphate by a respiring mitochondrial suspension 
supplied with glutamate. The ATP thus synthesized is avail- 
able to a glycerinated muscle fiber which, upon developing 
isometric tension, hydrolyzes the ATP back to ADP and P. 
The hydrolysis products are then available once more to the 
mitochondria (cf. (1)). The oxygen consumption of the mito- 
chondria is followed polarographically, and the tension of the 
fiber is recorded by a strain gauge. 

This compound system can be viewed in various ways. It 
is, for example, a crude reconstruction of the situation in the 
living muscle fiber, and its behavior reveals something about 
the availability of mitochondrial ATP to fibers. On the other 
hand, it is a new, self-regulating ATP ‘“‘feeder’’ system, differing 
from earlier described feeder systems, such as creatine kinase 
(2) and pyruvate kinase (3), in that it is truly cyclic. 


EXPERIMENTAL PROCEDURE 


Glycerol-treated fibers of rabbit psoas were prepared accord- 
ing to Szent-Gy6rgyi (4) and stored in 50% glycerol-water at 
about —10° for 9 to 11 months. For an experiment, a fiber 
bundle of 100 ~ 150 yu in diameter and about 1 cm in length was 
removed from the stock fiber bundle, fixed on a thin glass hook 
with acetone-diluted Duco cement, and washed with a solution 
of 0.1 m KCl buffered with 0.05 m Tris-maleic acid-KOH (pH 
7.0) for 1 to 2 days at 0°. 

Rabbit heart mitochondria (sarcosomes) were prepared in a 
sucrose isolation medium containing 0.32 m sucrose and 0.001 m 
ethylenediamine-tetraacetate adjusted to pH 7.0 with NaOH 
according to the method of Cleland and Slater (5). However, 
ethylenediaminetetraacetate had to be removed from the prep- 
aration, since it is known to have a relaxing effect on glycerol- 
treated fibers (6). The preparation of mitochondria was washed 
once with 0.32 m sucrose alone and was finally suspended in a 
small volume of 0.32 m sucrose (10 to 20 mg of protein per ml). 
Mitochondria were used in experiments within 4 hours after 
preparation. During this time interval, the preparations retain 
their “tightly coupled” phosphorylative respiration (7, 8). 

The general composition of the reaction medium used in 
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experiments was 0.087 m KCl, 0.017 m phosphate buffer (pH 7.0), 
0.088 m sucrose, 0.01 M sodium glutamate, various concentrations 
of ADP (pH 7.0), and mitochondria (1 to 6 mg per ml). _Iso- 
metric tension was recorded by a system consisting of a Statham 
strain gauge transducer, a Millivac voltmeter, and a Rectiriter 
recorder. The dimensions of the fiber bundle were measured 
by means of an American Optical dissecting microscope (40 x)- 
micrometer. The cross-sectional area was calculated from the 
diameter, assuming a cylinder of circular cross section. Tension 
developed is thus expressed in kg per cm? of the cross-sectional 
area. However, it has been noticed that differences in the cross- 
sectional shape of fiber bundles make the value in kg per cm? 
quite variable. Therefore, in most cases, tension is expressed 
as the percentage of the “‘standard”’ tension, 7.e. the tension 
developed upon addition of 5mm ATP, 5 mm MgSO,, and 0.5 
mM CaCl, to the reaction medium described above. The rate 
of tension development is expressed by the reciprocal of the 
time in minutes which it would have taken to reach the standard 
ATP-Mg-Ca contraction level if the initial rate of tension devel- 
opment had continued. The rate is measured either from the 
slope of the tangent line drawn directly on the record or, in some 
cases, from the slope in the plot of the log of tension against 
time.! 

The platinum electrode technique (9) was employed for meas- 
urement of oxygen utilization and oxidative phosphorylation 
(10), by means of control circuits, a Millivac voltmeter, and a 
Rectiriter recorder. The oxygen consumption is expressed in 
umoles of Oz per liter (um O2) calculated on the assumption that 
the air-saturated medium contains 240 uwmoles of O2 per liter 
at 25°, pH 7.0. | 

The temperature of the system was maintained at 25° by 
circulation from a constant temperature water bath, and the 
reaction mixture was stirred by a magnetic stirring device. 


RESULTS 


1. ADP-induced Tension in Presence of Mitochondria—The 
fibers employed in the present work contained some myokinase, 
since the addition of 5mm ADP plus 1 mm MgSO, to the medium 
evoked tension in the absence of mitochondria or glutamate. 
Addition of the ADP without Mg++, however, was ineffective, 
since myokinase is Mg*t-activated. On the other hand, addi- 
tion of ADP without Mg*+ was effective when mitochondria as 


1 The latter (from the logarithmic plot) usually gives a higher 
value than the former (directly from the record). 
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Fic. 1. Mitochondrial respiratory processes. Conditions: 3.1 
mg of mitochondrial protein per ml reaction mixture (preparation 
No. 15), 0.088 m sucrose, and 0.017 mM phosphate buffer (pH 7.0). 
At the first arrow, 10 mm sodium glutamate was added and at the 
second arrow, an addition of 635 um ADP was made; 5 mm ATP, 
5 mm MgSO,, and 0.5 mm CaCl: were added at the third arrow 
(designated, ATP-Mg-Ca). 
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Fic. 2. Respiration and contraction. Conditions were those of 
Fig. 1 except that a glycerol-treated fiber bundle (164 » in diam- 
eter and 0.59 cm in length) was also present. Curve a, oxygen 
consumption; Curve b, tension development. For the definition 
of Ti and T’st, see the text. 
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Fic. 3. Time course of tension development. Logarithmic 
reproduction of Curve b of Fig. 2. The break point (— - —) 
coincides with that (— - —) in Fig. 2. Curve a, log (T/T7%), 


Curve b, log (T'/Tst). 


well as glutamate and oxygen were present. Therefore, it is 
clear that the ATP produced from the ADP (and the P of the 
medium) through oxidative phosphorylation was the actual 
agent effective in inducing tension (cf. Fig. 2). 


2. Mitochondrial Respiration in Presence and Absence of | 


Glycerol-treated Fibers—Less time lag was observed in respiratory 
acceleration when glutamate was added first and ADP was 
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added last than when ADP was added first and glutamate lagt. 
Since the former is also the circumstance in which respiration 
and phosphorylation can best be separated, the former became 
the preferred order of addition in all subsequent experiments, 

Respiration in the absence of a fiber bundle is illustrated jn 
Fig.1. The experiment was begun by mixing 2.6 ml of a medium 
(0.1 m KCl, 0.05 m sucrose, and 0.02 m phosphate buffer, pH 7.0) 
with 0.4 ml of a suspension of mitochondria (15 mg of protein 
per ml) in 0.33 mM sucrose. At the first arrow, 30 umoles of 
glutamate (in 0.03 ml; approximate final concentration, 10 
mM) were added, and respiration began at the rate of 0.23 yx 
O» per second (0.7 10-* of per second); we shall 
call this Phase I. At the second arrow, 1.92 uwmoles of ADP 
(in 0.02 ml; final concentration, 630 um) were added, and the 
respiratory rate was accelerated almost eightfold to 1.82 um 0, 
per second (5.55 X& 10-3 umoles of O2 per second); we shall cal] 
this Phase II. Phase II rather abruptly ceases after 124 um 0, 
(0.372 wmoles of O2) have been consumed. At the end of the 
phase, ample oxygen (74 uM or 0.271 umole) and glutamate 
(approximately 9970 uM or 29.9 umoles) remained, so presumably 
the limiting factor was exhaustion of the ADP. The minimal 
(neglecting any ATPase) P/O ratio during Phase II was 635 
uM/124 X 2 un (or 1.90/2 X 0.372) = 2.55. During the subse- 
quent phase (Phase III), the respiratory rate fell to 0.19 to 0.10 
um QO, per second (0.58 K 10-3 umoles of O2 per second to 0.3 x 
10-3 umoles of O2 per second). 

Respiration in the presence of a fiber is illustrated by Curve 
a of Fig. 2, in which the conditions of Fig. 1 are maintained, but 
there is also present in the system a glycerol-treated fiber bundle, 
164 uw in diameter and 0.59 cm in length. As can be seen by 
comparing Fig. 1 with Curve a of Fig. 2, the presence of a fiber 
bundle developing isometric tension (Fig. 2, Curve 6) has no 
perceptible effect on the respiration. This conclusion is reaf- 
firmed by the result that the average P/O ratio of 2.4 is found 
in the presence of a fiber bundle (Fig. 8). 

3. Kinetics of Respiration and Contraction—Curve 6 of Fig. 2 
shows that after the tension reaches its maximal value (71) 
during the period when the respiration was also measured, the 


subsequent imposition of 5 mm ATP, 5 mm MgSQ,, and 0.5 ; 


mM CaCl, evoked a still higher tension, which is here designated 
the “standard” tension (T'st). 
therefore be expressed as T'/Ti? or T'/Tst; as already remarked, 
these variables are convenient in comparing fiber bundles the 
cross-sectional areas of which are difficult to measure with 


certainty. 


The tension development shown by Curve 6 of Fig. 2 is repro- — 


duced in Fig. 3 with a logarithmic plot. Curve a (log 7/Ti) 


and curve 6 (log 7'/Tst) of Fig. 3 suggest that tension develop- | 


ment follows rapidly any change in availability of ATP, since 


the break point in Curve a or 6b of Fig. 3 coincides with the end | 


point of Phase II of Fig. 2. Moreover, if ATP rather than ADP 
is added, the slower rate shown in Curves a and 6 of Fig. 3 is not 
observed; this indicates that in this system ATP production, 


not tension development, is the rate-limiting process. Further 
support for this is suggested by a third experiment (Fig. 4) in — 


which stepwise addition of ADP evoked stepwise increases in 
tension. 


2 Ti is a function of ATP concentration. However, it can serve 
as a standard tension when comparing tensions developed in the 
presence of the same concentration of ATP vr ADP with mito- 
chondria and glutamate. 
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4. Dependence of Response upon Mitochondrial Concentration— 
With substrate and oxygen in excess, an initial ADP concentra- 
tion of 320 uM was imposed on various concentrations of mito- 
chondria in the presence of a fiber bundle. The eventual extents 
of tension development in the fiber and of oxygen consumption 
by the mitochondria in the phosphorylating phase (Phase II) 
were independent of mitochondrial concentration; Ti/Tst = 56 
to 57% and approximately 64 um O» were consumed. However, 
the initial rates of tension development and of oxygen consump- 
tion in Phase II increased roughly linearly with the increase in 
mitochondrial concentration (Fig. 5). These observations are 
consistent. with supposing (a) that the extent of tension develop- 
ment at this concentration of ATP (viz. the initial concentration 
of ADP) is linear with the concentration of ATP (cf. 8), and (6) 
that the tension adjusts rapidly to any concentration of ATP, 
and (c) that all concentrations of mitochondria were saturated 
with ADP, in which case the concentration of ATP synthesized 
is a linear function of time. 

When ATP is supplied to the fiber in the presence of mito- 
chondria, the rate of tension development is slightly greater 
than in the absence of mitochondria (Fig. 6). Since the glu- 
tamate respiration of mitochondria is not at all accelerated by 
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Fic. 4. Respiration and contraction upon stepwise addition of 
ADP. Conditions were those of Fig. 2. At each arrow mark 
76.7 uw ADP was added. Curve a, oxygen consumption by mito- 
chondrial system (preparation No. 8, 3 mg of protein per ml of 
reaction mixture); Curve b, tension development in a fiber bundle 
(155 w in diameter, 0.95 cm in length). 
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_Fic. 5. Rate dependence of phosphorylating oxygen consump- 
tion and tension development on mitochondrial concentration. 
Conditions were those of Fig. 2, 320 um ADP was added and mito- 
chondrial concentration was variable as indicated on the abscissa 
(preparation No. 8). O—O, oxygen consumption rate during 
Phosphorylation phase. A—A, contraction rate estimated from 
the plot of log (7'/T'st). O—O, contraction rate estimated from 
the tangent line drawn directly on the record and referred to the 
Ti level (cf. Fig. 6). 
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Fic. 6. ATP-induced tension in the presence of mitochondria 
and in the presence of magnesium ions. Conditions were those of 
Fig. 5 except that 166 um ATP was used in place of 320 um ADP. 
O—O, in the presence of MgSO;. O—D, in the presence of mito- 
chondria (preparation No. 11, 13.2 mg per ml). Rates were es- 
timated from the tangent line drawn directly on the record and 
referred to the 77 level (cf. Fig. 5) rather than the T'st level (cf. 
footnote 2). 


the addition of ATP under these conditions, it is unlikely that 
the ATP feeder system of mitochondria is responsible for this 
increased rate of tension development. It may be suggested 
that mitochondria contain the equivalent of an activator, e.g. 
the equivalent of 0.008 umole of Mg++ per mg of mitochondrial 
protein (Fig. 6), but this effect still falls short of explaining the 
relations of Fig. 5 (e.g. the increased rate of tension development 
by mitochondria). 

5. Dependence of Response on ADP Concentration—lIf the 
mitochondria are thought of as an enzyme saturated with respect 
to one of its substrates, namely P, and subjected to increasing 
concentrations of its second substrate, ADP, then one might 
expect the rate of production of its product, ATP, to be, on the 
one hand, proportional to the rate of O2 consumption (“tightly 
coupled” oxidative phosphorylation), and on the other hand, 
related to the rate of tension development. The precise form 
of the latter relation is not obvious a priori. Bowen and Blum 
(11) have suggested that isotonic (actually zero tension) extent 
of contraction is a ‘Michaelis-Menten function” of ATP con- 
centration, [ATP], so that for small values of [ATP] it is propor- 
tional to [ATP]. If we suppose that the same is true for iso- 
metric tension development, and that (see above) the tension 
adjusts to [ATP] much faster than [ATP] is increased, then one 
might expect the rate of tension development also to be propor- 
tional to the rate of ATP production or of ADP consumption. 
Thus either respiration versus [ADP] or tension development 
versus [ADP] should be a ‘“‘Michaelis-Menten function” for the 
mitochondrial P-saturated enzyme with respect to ADP. This, 
in fact, seems to be the case (Figs. 7 and 8); either relation gives 
a Michaelis constant of 2.56 « 10-4. 
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Fic. 7. Dependence of respiration rate on ADP concentration. 
Conditions were those of Fig. 2, but the concentration of ADP 
added was variable as indicated on abscissa. O—O, preparation 
No. 9 (3.42 mg of mitochondrial protein per ml reaction mixture). 
A—A, Preparation No. 12 (2.13 mg perml). The rate in Phase I 
was subtracted from the rate observed in Phase II. It was ex- 
pressed in micromolar O, per second per mg of mitochondrial 
protein per ml of reaction mixture and therefore it is equivalent 
to umoles of O, per second per gram of protein. 


oO 


Ol 


K = 2.5x 10° 


CONTRACTION RATE 
MIN/ GR PROTEIN) 


> Vmax = 0.55 
Oo 200 400 600 800 
ADP ADDED (ym) 


Fic. 8. Dependence of contraction rate on ADP concentration. 
Conditions were those of Fig. 7. O—O, preparation No. 9 (3.417 
mg of mitochondrial protein per ml of reaction mixture). A—A, 
preparation No. 12 (2.13 mg per ml). The rate was expressed as 
velocity unit per minute per mg of mitochondrial protein per ml 
of reaction mixture. 


When concentrations of ATP are imposed on the fiber by 
oxidative phosphorylation rather than by direct addition of ATP, 
the half-time of tension response to a given ATP generation rate 
within the mitochondria depends, among other things, on the 
rate at which the ATP can move from the mitochondrion to the 
fiber. Although magnetic stirring was used in these experi- 
ments, it was thought that perhaps the response time was being 
made short by virtue of tight specific adsorption of mitochondria 
on the fiber. That this is probably not so is suggested by the 
following experiment. A fiber immersed in a mitochondrial 
suspension was incubated at room temperature for about 20 
minutes. It was then rinsed in medium for only a few minutes. 
Finally it was immersed in medium containing ADP and glu- 
tamate. Tension development did not occur unless mito- 
chondria were added again. 

6. Total Oxygen Consumption during Phosphorylation—Al- 
though the specific respiratory rate of mitochondria varies from 
preparation to preparation and with age, the total amount of 
oxygen consumed during the phosphorylation phase (Phase II) 
is proportional to the amount of ADP added (Fig. 9), and the 
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relationship is not affected by the presence of a contracting 
fiber. Thus, despite the somewhat low value (e.g. 2.4) of the 
P/O ratios observed in this work, it seems certain that all the 
ADP added is converted to ATP, and that such ATPase activity 
as the fiber may have brought about no detectable cycling, 
through the reaction, ATP — ADP + P. 

7. Degree of Tension Development and ADP Concentration— 
Curve a, Fig. 10, shows that the final extent of tension develop- 
ment ‘“‘saturates’? when plotted against ADP concentration, 
and that it reaches half its maximal value at 2.5 « 10-4 m ADP. 
Curve b, Fig. 10, is evidence that when ATP is added instead 
of ADP the half-maximal tension is reached at a lower concen- 
tration, viz. at about 1.2 « 10-4mM ATP. 


DISCUSSION 


As expected from current knowledge, ATP produced by the 
oxidative phosphorylation of ADP in mitochondria is available 
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Fic. 9. Amounts of oxygen consumption during phosphoryla- 
tion and ADP concentration. Conditions were those of Fig. 2. 
The straight line is equivalent to the P/O ratio of 2.4. Mito- 
chondrial preparations: O, No. 12 (2.13 mg of mitochondrial 
protein per ml of reaction mixture); 0, No. 10 (5.6 mg per ml); 
@, No. 9 (3.4 mg per ml). 
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Fic. 10. Degree of tension development and ADP concentra- 
tion. The final extent of tension developed on addition of ADP 
or ATP (Ti) was expressed as its ratio to that on addition of 5 
mm ATP, 5 mm MgSQ,, and 0.5 mm CaCl, (7'st). Conditions 
were those of Fig. 2. Mitochondrial preparations: O, No. 10 
(5.6 mg of mitochondrial protein per ml of reaction mixture); 4, 
No. 8 (3.0 mg per ml); 0, No. 12 (2.13 mg per ml) with ADP; @, 
preparation No. 10 with ATP. 
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to a model contraction system of the glycerol-treated fiber (Fig. 
2). The availability of ATP newly synthesized by oxidative 
phosphorylation is estimated to be about (1.2/2.5 ~) 48%, 
since the tension developed by 2.5 X 10-4 mM ADP with mito- 
chondria and glutamate is obtained upon addition of 1.2 « 10-4 
u ATP under the same conditions (in the presence of mito- 
chondria and glutamate) (Fig. 10). One of the possible explana- 
tions for this limited availability of ATP is that all the ADP 
added was synthesized into ATP but that because of ‘‘com- 
partmentation”’ in mitochondria, not all the newly synthesized 
ATP was available to the fiber bundle, the ‘“compartmentation”’ 
effect having an ‘‘apparent’’ Michaelis constant of about 2.5 x 
10-4 m ATP. This possibility is now under investigation (cf. 
12). 

The mitochondrial system emploved can feed back both 
products of ATP hydrolysis by ATPase, that is, orthophosphate 
as well as ADP, whereas earlier described feeder systems (creatine 
phosphate-enzyme and _ phosphoenolpyruvate-enzyme) return 
ADP only. Although no particular advantage of the mito- 
chondrial system over the other systems has been shown in the 
present experiments, the method used for following the mito- 
chondrial oxygen consumption shows an advantage in yielding 
a continuous recording of oxygen utilization and thus making 
easy a comparison of not only the extent but also of the rate of 
ATP production with those of tension development. Experi- 
ments presented in Figs. 2, 3, 4, 5, 7, and 8 indicate that tension 
development of the glycerol-treated fiber bundle follows rapidly 
any change in availability of ATP synthesized from ADP over 
a wide range of concentration of ADP (70 to 700 um). There- 
fore, it is suggested that the rate-limiting step of this mito- 
chondria-fiber system is not the tension response to ATP but 
the oxidative phosphorylation of ADP; that is, tension develop- 
ment is faster than ATP production, so that the former can 
follow any change in the latter. 

On the one hand, it is expected that the respiration rate after 
the oxidative phosphorylation period (viz. the respiration rate 
in P Phase III of Fig. 1) depends on the ATPase activity. In 
fact, in model experiments on mitochondria and myosin-AT Pase, 
which will be reported elsewhere, the respiration rate after the 
phosphorylation period was observed to be dependent upon 
myosin concentration at the range of relatively higher concentra- 
tions of myosin (1 to 5 g per liter). Likewise, if the ATP syn- 
thesized by mitochondrial oxidative phosphorylation is hy- 
drolyzed by ATPase of the fiber bundle, ADP is again available 
to mitochondria. Therefore, the respiration rate in Phase III 
is expected to be faster than that without the fiber bundle. 
However, in this fiber-mitochondria system, the amount of fiber 
is so little (myosin less than 8 mg per liter) that the ADP pro- 
duced by a fiber bundle is apparently negligible when compared 
with the concentration of ADP added, and essentially no change 
is observed (Figs. 2 and 8). The rather abrupt fall in oxygen 
consumption from Phase II to Phase III also indicates that the 
rate of ATP hydrolysis by the fiber bundle is much slower than 
that of the ATP synthesis by mitochondria in all cases reported 
inthis paper. If ATP hydrolysis by the fiber-ATPase is faster 
than ATP synthesis by the mitochondrial suspension, the ac- 
celerated oxygen consumption in Phase II should have continued. 

The situation is thus such that tension development by ATP 
is faster than ATP synthesis by mitochondria, whereas the latter 
is faster than ATP hydrolysis by a fiber bundle and, therefore, 
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such that the cause for tension development in the fiber is un- 
likely to be ATP hydrolysis by the fiber. 

However, it should also be mentioned that if the so called 
‘initial burst’’ of ATP hydrolysis by myosin (9, 10) is involved 
in the tension development, a role for ATP hydrolysis in tension 
development must be considered even in this particular system. 
In the burst, not all, but only a small part of available ATP is 
hydrolyzed, and the extent of the burst depends on-the amount 
of fibers. Since the amount of fibers is very small in the reported 
experiments, the extent of ATP hydrolysis must be negligible, 
and thus this particular part of ATP hydrolysis by fibers could 
even be faster than the ATP synthesis by mitochondria, al- 
though the gross hydrolysis of ATP by fibers is still much slower 
than the ATP synthesis as observed. Therefore, the above 
tentative conclusion cannot be drawn directly. However, in 
order to explain the observed close relation between the rates of 
ATP synthesis and of tension development, this particular type 
of ATP hydrolysis must have at least one more special feature, 
1.e. that the extent of this hydrolysis depends proportionally 
also on the concentration of ATP synthesized over a wide range 
of ATP concentration. There are some other possibilities that 
ATP hydrolysis in the particular type can be the cause for the 
tension development in a glycerol-treated fiber bundle. There- 
fore, the study of the burst of ATP hydrolysis of a fiber system, 
if indeed it occurs, is very desirable. 


SUMMARY 


A new model for a cyclic ATP-generating system for muscular 
contraction has been studied in vitro. Glycerol-treated fiber 
bundles of rabbit psoas muscle develop tension in a medium 
containing rabbit heart mitochondria, glutamate, inorganic 
orthophosphate, and adenosine diphosphate. Simultaneous 
recordings of oxygen consumption in the phosphorylating mito- 
chondrial system and of tension development in the fiber bundle 
indicate that the tension development can rapidly follow any 
change in the oxygen consumption during oxidative phosphoryla- 
tion of the diphosphate to the triphosphate of adenosine. 

Half the “‘standard”’ tension developed by 5 mM adenosine 
triphosphate, 5 mm MgSO,, plus 0.5 mm CaCl, is obtained with 
2.5 < 10-4 m adenosine diphosphate or 1.2 « 10-* mM adenosine 
triphosphate in the presence of mitochondria, glutamate, and 
orthophosphate. Therefore, the availability of adenosine 
triphosphate newly synthesized by oxidative phosphorylation 
in cardiac mitochondria for tension development of glycerol- 
treated fibers is suggested to be only (1.2/2.5~) 48%. The 
regulatory factors involved in the reconstructed system are 
discussed. 
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A continuous flow instrumental system of analysis, first de- 
scribed by Skeggs (1), was previously applied to the determina- 
tion of phosphohexose isomerase activity and resulted in a 
method that was approximately eightfold as rapid as the manual 
procedure (2). The present paper is concerned with the applica- 
tion of this system of analysis to the determination of enzyme 
activities that utilize the diphosphopyridine nucleotide — re- 
duced diphosphopyridine nucleotide reaction; assays of lactic 
acid dehydrogenase, alcohol dehydrogenase, and glutamic oxalo- 
acetic transaminase have been used to illustrate the method of 
application. 


EXPERIMENTAL PROCEDURE 


Materials—DPN (95 to 100% pure), a hydrated disodium salt 
of DPNH (90 to 95% pure), and malic dehydrogenase were 
purchased from the Sigma Chemical Company, DL-aspartic acid 
and a-ketoglutaric acid from the California Corporation for Bio- 
chemical Research, sodium pyruvate from the General Biochemi- 
cal Company, and human serum albumin from Cutter Labora- 
tories. Yeast alcohol dehydrogenase, twice crystallized, and 
rabbit muscle lactic acid dehydrogenase, also twice crystallized, 
were obtained from the Worthington Biochemical Corporation. 

Equipment—The instrument employed for the continuous flow 
instrumental system of analysis was the AutoAnalyzer (Techni- 
con Instruments Corporation). A special colorimeter, made 
available to us by the Technicon Instruments Corporation, was 
equipped with blue sensitive phototubes and interference filters. 
The filter permitted the passage of light primarily at 680 my and 
to a somewhat lesser extent at 340 my; the latter band had a 
half width of 17 mu. A Corning No. 5840 blocking filter was 
used to cut off the primary band at 680 mu. The cuvette had a 
l-em light path. It was consistently found that the absorbancies 
of various concentrations of DPNH, read in the automation 
colorimeter, were 75.3 + 2.8% of those observed in the Beckman 
model DU spectrophotometer. This difference is probably due 


*This work has been supported in part by the following: 
American Cancer Society Grants No. P-163 and P-164B; Grant 
No. DRG 332E from the Damon Runyon Memorial Fund for 
Cancer Research, Inc., and by a research grant, C-4251 (C281), 
from the National Cancer Institute, National Institutes of Health, 
Public Health Service. 

1 A preliminary report was presented at the Annual Meeting of 


— Association for Cancer Research, Chicago, April 


to the use of light from a monochromator in the Beckman spec- 
trophotometer and light from a series of filters in the colorimeter 
of the automation system. When the cell compartment of the 
Beckman DU spectrophotometer was modified to accept the 
automation constant flow cuvette, identical absorbancies were 
obtained with the automation system and with the Beckman 
spectrophotometer used in the usual manner. A series of 18 
comparative measurements on various concentrations of solu- 
tions of DPNH in the Beckman spectrophotometer and in the 
automation colorimeter yielded a molar absorbancy index, ay,, of 
4.68 + 0.13 X 10% cm? mole for the latter colorimeter. This 
value has been used in calculations of the automation data re- 
ported in this paper. 


RESULTS 


General Procedure for Automated Enzyme Determinations—The 
Autoanalyzer has a constant speed turntable with places for 
as many as 40 plastic cups. Through a system of plastic tubing, 
a constant flow pump aspirates the enzyme solutions from these 
cups at predetermined intervals of 40, 60, or 120 seconds, dilutes 
these solutions if necessary, adds the appropriate reagents, and 
segments the mixture with air to regulate the rate of flow and 
to clean the system between specimens. Beyond the pump, 
the reactants are passed through plastic and glass tubing, the 
latter being used in the mixing coils and incubation baths. In 
the last stage, the reaction mixture passes into a constant flow 
cuvette in the colorimeter described above. For the various 
enzyme determinations, different arrangements and bores of 
plastic tubing are employed. 

Determination of Lactic Acid Dehydrogenase Activity—A 
glass-plastic system of tubing was developed that delivered the 
reagents at average rates yielding a reaction mixture comparable 
in composition to that employed in the manual procedure (3). 
The flow diagram is shown in Fig. 1. The reactants were as- 
pirated as follows: the enzyme from the sample plate through a 
plastic tube, A, at the rate of 0.32 ml per minute; air through 
tube B at the rate of 0.80 ml per minute, and 0.067 m sodium 
phosphate buffer, pH 7.4, through tube C at the rate of 2.50 
ml per minute. The enzyme, buffer, and air were joined at D, 
thoroughly mixed in coil FZ, and passed to a glass reservoir, F, 
where an aliquot of the total fluid mixture was drawn off through 
tube G at the rate of 0.80 ml per minute. This aliquot, which 
yielded a concentration of enzyme preparation similar to that 
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Fic. 1. Flow diagram for determination of lactic dehydrogenase 
activity. The aspiration tubes are designated as follows: A, 
sample of enzyme; B, air; C, sodium phosphate buffer; G, diluted 
sample of enzyme from reservoir, F; H, air; 7, DPNH in phos- 
phate buffer; A, the substrate, sodium pyruvate, in phosphate 
buffer. D represents a juncture of the contents of tubes A, B, 
and C, and £ is the coil for mixing these contents. J is the coil 
for mixing enzyme and DPNH before these are joined at L by 
pyruvate and are then mixed in coil M. 
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Fic. 2. Graphic record of a series of lactic acid dehydrogenase 
assays. 


in the manual method (3), was then mixed thoroughly in coil J 
with air coming through tube H at the rate of 1.60 ml per minute 
and a solution of 160 mg of DPNH in 1 liter of 0.067 m sodium 
phosphate buffer,’ pH 7.4, entering through tube J at the rate 
of 2.0 ml per minute. These reactants were joined at LZ and 
mixed thoroughly in coil M with 0.0024 m sodium pyruvate in 
0.067 m sodium phosphate buffer, pH 7.4, entering through 
tube K at the rate of 2.0 ml per minute. The complete reaction 
mixture, which now passed to the incubation bath, had the 
following final concentrations: 0.1 mm DPNH, 0.001 m sodium 
pyruvate, 0.067 mM sodium phosphate buffer, pH 7.4, and 0.0189 
ml of enzyme sample per ml of reaction mixture. The final 
concentrations of reactants, except for that of the enzyme sample, 
were the same as those in the manual method previously em- 
ployed in this laboratory (3). 


1 This was the weight of the available disodium salt with three 
or four waters of crystallization, and a purity of 90 to 95%. The 
molarity was based on the absorbancy determined at 340 mu, and 
usually ranged from 0.218 to 0.230 mm. 


Automated Assay of Enzymes Involving DPN = DPNH Reaction 


Dilutions of crystalline lactic acid dehydrogenase or tissue 
homogenates were prepared in 0.067 mM sodium phosphate buffer, 
pH 7.4, containing 0.15% human serum albumin. Serum wags 
usually placed in the sample cups without dilution, except when 


high enzyme activities were anticipated, and then appropriate — 


dilutions were made with 0.85% NaCl. 

The reaction mixture was incubated for a precisely measured 
interval of about 6 minutes. 
termined each day by measuring the transit time of a colored 
solution from point L to the cuvette in the colorimeter (Fig. 1), 
During this passage the enzyme reaction mixture was in coil Vf 
for about 30 seconds and in the plastic tube joining the incuba. 
tion bath and constant-flow cuvette for about 10 seconds. The 


effects of these short intervals at slightly lowered temperatures _ 


on the reaction velocity at 37.5° were found to be negligible. 


A graphic record of a series of assays is shown in Fig. 2. Tubes | 
A, C, I, and K (Fig. 1) were allowed to aspirate distilled water, © 
When the water reached the cuvette in the colorimeter, a reading — 
near zero absorbancy was transcribed on a moving chart in the _ 
recorder. A precise setting to zero absorbancy was made by — 


an adjustment knob on the colorimeter, and a water base-line 
was recorded (part J of Fig. 2). Tube.A was then permitted to 
aspirate 0.067 mM sodium phosphate buffer, pH 7.4, whereas the 
remaining tubes were inserted into the appropriate reagents as 
previously described. When this mixture reached the cuvette, 
it began to displace the distilled water. 
these reactants increased and was manifested maximally in 
about 90 seconds at an absorbancy value of 0.360. This base- 
line is shown in part JJ of Fig. 2. 

The activities of various enzyme samples in the cups on the 
turntable were then determined as follows. Tube A was 


threaded through the crook on the turntable which was set so — 


that a sample from each particular cup was aspirated for precisely 
60 seconds. At the end of this interval the crook tilted back, 
removing the tube from the sample. 
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The incubation time was de. _ 


The absorbancy of ; 


Air was then aspirated | 
for 30 seconds, a period that permitted the segregation of samples _ 


and the cleaning of the system. During this alternating aspira- — 


tion of samples and air, the extent of oxidation of DPNH in 
each reactant mixture was manifested as the minimal point of 
absorbancy in each deflection (part JI] of Fig. 2). The record- 
ing needle did not always return completely to the base-line 


between successive samples because 30 seconds was not sufficient _ 


time for the mixture of reagents without enzyme to clear out 


the reactant mixture completely from the light path in the cu- — 
It can be shown by calculation that this slight residue 


vette. 


has no effect on the determination of the succeeding sample. In | 
addition, a series of specimens was sampled at 3-minute inter- | 


vals with wash-out intervals of 2 minutes, so that the deflections 
returned to the base-line. The results were the same as those 


= 


obtained with the usual sampling of specimen at 13-minute © 


intervals and wash-out periods of 30 seconds. 

It was necessary to correct the preceding readings by the 
readings due to the absorbancy unrelated to the oxidation of 
DPNH. To determine these “blank” values, tubes A and K 


(Fig. 1) were permitted to aspirate the buffer. This yielded the — 


base-line without substrate (part JV, Fig. 2), which had a slightly 


lower absorbancy than the base-line with substrate (part IJ, — 


Fig. 2). While tube K continued to aspirate butier, tube 4 


was placed again in the crook on the sample plate, and the latter 


was allowed to rotate as before. A series of “blank”’ deflections 
was thus obtained (part V, Fig. 2). 


Because of the relatively 7 
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high protein content, slight “blank” deflections occurred in the 
determination of the lactic dehydrogenase activity of samples of 
serums, but no deflections were obtained in analyses of solutions 
of crystalline enzyme or of tissue homogenates. 

The lactic dehydrogenase activity obtained by the automated 
procedure was expressed in uymoles of DPNH converted per ml 
of reaction mixture per minute: 

AA 1 


0.0167 1) 
F t 4.68 
where AA is the sum of the decrease in absorbancy when the 
enzyme was acting on the substrate and of the increase in ab- 
sorbancy when the substrate was omitted from the reaction 
mixture in the blank assay; and ¢ is the reaction time in minutes, 
determined as described previously. The number 0.0167 
represents the concentration of enzyme preparation, in milli- 
liters per ml of reaction mixture, that was employed in the 
manual method (3). F is a factor that takes into consideration 
the fact that tubes 4, C, G, J, and K, whether because of devia- 
tions from the manufacturer’s specifications or because of stretch- 
ing, did not always have the exact internal diameters described 

earlier in this paper. The value of F was 


Aga 
F = (=, + (2) 
Ga + la + Ka 


where the subscript d represents the flow in ml per minute 
through tubes A, C, G, J, and K as shown in Fig. 1. The flows 
were determined by aspirating distilled water through each tube 
from individual graduated cylinders for 10 minutes. 

The application of the automated procedure to the determina- 
tion of lactic dehydrogenase activity is illustrated in the upper 
part of Table I. A commercial preparation of twice crystallized 
rabbit muscle lactic dehydrogenase, containing 25 mg of protein 
per ml, was diluted with 0.15% purified human serum albumin 
in 0.067 m phosphate buffer, pH 7.4. These concentrations, 
ranging from 1.25 to 2.50 ug of protein per ml and diluted further 
in the course of the automated procedure, were such that their 
action during the incubation period of 5.23 minutes lay within 
the zero order portion of the reaction. F’, the correction factor, 
as determined by Equation 2, was 0.0254. The last column of 
Table I shows the agreement between the specific activities at 
these various concentrations. The average value was 111 
umoles per mg of enzyme per minute. As may be seen from the 
lower part of Table I, this value is in good agreement with the 
average, 115 wmoles per mg of enzyme per minute, obtained in 
a series of determinations by the manual method (3). 

Determination of Activity of Glutamic Oxaloacetic Transamin- 
ase—This determination was based on the interaction of aspartate 
with a-ketoglutarate, and the resulting reduction of the formed 
oxaloacetate by DPNH in the presence of malic dehydrogenase 
(4). The oxidation of DPNH was measured spectrophotomet- 
rically at 340 mu. The flow diagram is shown in Fig. 3. Dilu- 
tions of enzyme preparations were made in 0.067 m sodium 
phosphate buffer, pH 7.4, containing 0.15% human serum 
albumin; all other reactants were also dissolved in the buffer 
and were adjusted to pH 7.4. These were aspirated as follows: 
enzyme specimen from the sample plate through tube A at the 
rate of 0.32 ml per minute; air through tube B at 0.80 ml per 
minute; a mixture of 0.057 mM sodium Dt-aspartate containing 
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TABLE I 


Comparison of automated and manual determinations of activities 
of solutions of lactic dehydrogenase 


In the automated procedure, dilutions of twice crystallized 
lactic dehydrogenase were mixed with pyruvate and DPNH and 
allowed to react at 37.5° for 5.23 minutes. In the manual method, 
the change of absorbancy was followed at 1-minute intervals after 
the addition of the pyruvate to the mixture of enzyme and DPNH. 
The millimolar absorbancy indices, amu, for DPNH-were 4.68 in 
the automated method and 6.22 in the manual method. All 
values represent initial velocities. 


Lactic dehydrogenase in 
Change in 
Procedure absorbancy, AA/amu 
Specimen | | 
pmoles/ml/ umoles/ 
pg/ml pg/ml per min min/mg 
enzyme 
Automated 1.25 0.0318 0.0174 0.00371 116 
1.67 0.0425 0.0228 0.00476 112 
2.00 0.0508 0.0266 0.00567 112 
2.50 0.0635 0.0302 0.00644 102 
Manual 0.125 0.0208 0.0140 0.00225 108 
0.167 0.0278 0.0204 0.00328 118 
0.200 0.0333 0.0242 0.00389 117 
0.250 0.0416 0.0296 0.00477 115 


TER 


375° 375° 


INCUBATION BATHS 
DISCARD 

Fic. 3. Flow diagram for determination of glutamic oxaloacetic 
acid transaminase. The aspiration tubes are designated as fol- 
lows: A, sample of enzyme; B, air; C, sodium pDL-aspartate and 
DPNH; F, malic dehydrogenase; H, sodium a-ketoglutarate. 
D represents the juncture of the contents of tubes A, B, and C 
which are then mixed in coil FE, combined with malic dehydro- 
genase aspirated through tube F, and mixed again in coil G. J 
represents the beginning of coil J and the point at which a-keto- 
glutarate is introduced into and mixed with the other components 
to start the reaction. 


140 mg of DPNH per liter through tube C at 2.0 ml per minute; 
malic dehydrogenase, 370 Sigma units per ml through tube F at 
0.60 ml per minute; 0.056 m sodium a-ketoglutarate through 
tube H at 0.42 ml per minute. As shown in Fig. 3, the enzyme, 
aspartate, and DPNH were mixed in coil E, were combined with 
malic dehydrogenase flowing through tube F, and were mixed 
again in coilG. After a 2-minute incubation, the reactants were 
joined at J by the substrate, sodium a-ketoglutarate, and the 
reaction was started by mixing at J. The reaction continued 
for approximately 15 minutes in the coils of the two incubation 
baths connected in series. The exact time was determined as 
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TaBLeE II 

Comparison of automated and manual determinations of glutamic 

oxaloacetic transaminase activity of human serum and mouse 

liver homogenates 

The incubation period was 15.2 minutes for the human serum 
and 14.7 minutes for the mouse liver homogenates. The factor F, 
determined by Equation 2, was 0.130 for serum and 0.128 for the 
tissues. 


Method 
Specimen Average 
Automated Manual 
pmoles/ml/min pmoles/ml/min pmoles/ml/min % 
Human 
serum 
1 0.0228 0.0245 0.0237 3.6 
2 0.0036 0.0037 0.0037 0.6 
3 | 0.0051 0.0051 0.0051 0.0 
pmoles/g/min* pmoles/g/min pmoles/g/min 
Mouse 
liver 
1 69.0 71.4 70.2 Pe 
2 89.1 94.8 92.0 2.9 
3 76.9 82.9 79.9 3.8 


* The reaction velocity has been calculated per g of tissue in- 
stead of per ml of reaction mixture. 
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Fic. 4. Applicability of automated enzyme assays to purifica- 
tion of glutamic oxaloacetic transaminase from pig heart. En- 
zyme activities of successive 1-ml aliquots eluted from a hydroxyl- 
apatite column in a later stage of purification are recorded as 
transmittancies. The rise in transmittancy at the left-hand part 
of the record was due merely to the removal of reagents prepara- 
tory to setting up another sample plate containing the remaining 
specimens. 


described earlier for the assay of lactic dehydrogenase. The 
final concentrations of reactants were the same as in the manual 
method of Karmen (4): phosphate buffer, pH 7.4, 0.067 m; 
aspartate, 0.034 M; a-ketoglutarate, 0.0067 mM; DPNH, 0.1 mm; 
malic dehydrogenase, 67 Sigma units per ml. The concentration 


of the enzyme preparation was chosen so that the oxidation of 
DPNH followed zero order kinetics during the incubation 
period. The recording of the oxidation of DPNH was essentially 
the same as that described earlier in this paper for lactic dehy- 
drogenase; suitable blanks without a-ketoglutarate were also 
recorded. 

The glutamic oxaloacetic transaminase activity obtained by 


Automated Assay of Enzymes Involving DPN = DPNH Reaction 


the automated method was expressed in wmoles of DPNH 
converted per minute per ml of reaction mixture: 


0.167 


F t 


4.68 (3) 


where AA, F, and ¢ have the same meanings as previously 
described for the calculation of lactic dehydrogenase activity, 
The number 0.167 represents the concentration of enzyme 
preparation in milliliters per ml of reaction mixture that was 
employed in the manual method. 

The reproducibility of determinations of transaminase activity 
by the automated method compared well with that by the man- 
ual method. Thus the means of the average deviations of a 
series of duplicate determinations by the two procedures were 
1.1% and 1.3%, respectively. Table II shows a comparison of 
the results of automated and manual determinations of the 
transaminase activity in human serum and in mouse liver 
homogenate. The means of the values obtained by the two 
methods show average deviations ranging from 0.0 to 3.8%. 

The way in which automated analyses may facilitate certain 
types of enzyme purification is shown in the following example. 
Glutamic oxaloacetic transaminase was prepared from pig 
heart according to the procedure of Jenkins et al. (5). In one 
of the later steps in which the enzyme was eluted from the 
hydroxyl apatite column with 0.08 mM potassium phosphate 
buffer, pH 6.8, the fraction collector was adjusted so as to yield 
successive l1-m] aliquots. These were placed in batches of 30 
to 40 specimens on the sample plate (Fig. 2). The enzyme 
activity began to increase markedly at aliquot 8, reached a 
peak at aliquots 12 to 15, declined and reached a low level at 
aliquot 30. Enzyme activities rose in the succeeding aliquots 
(Fig. 4), and reached another peak between aliquots 41 to 50. 
Indeed, because of the practicability of the analyses, aliquots 
50 to 100 were also analyzed. These showed very little activity 
except for a slight peak at aliquots 70 to 75. 

Determination of Alcohol Dehydrogenase Activity—This pro- 
cedure was based on the increase in absorbancy of DPN at 340 
my and follows the manual method described by Racker (6). 
A flow system was devised which was similar to those shown in 
Figs. 1 and 2. The reactants were aspirated as follows: 0.32 ml 
of enzyme solution prepared in 0.067 m phosphate buffer, pH 
7.4, containing 0.15% human serum albumin; air at the rate of 
0.80 ml per minute; 0.0246 sodium pyrophosphate buffer, pH 
8.5, at 2.50 ml per minute. These reactants were joined and 
mixed with additional air coming through a tube at the rate of 
0.80 ml per minute and with substrate, 0.341 m ethanol, coming 
through a tube at 2.0 ml per minute. The reactants were warmed 
to 37.5° by passage through an incubation bath for about 30 
seconds and were mixed with an aqueous solution of 113 mg of 
DPN per liter introduced at the rate of 2.0 ml per minute. 
The final concentrations were: pyrophosphate buffer, 0.009 ; 
DPN, 0.05 mm; ethanol, 0.1 mM. These were essentially the same 
as in Racker’s procedure (6). The complete reaction mixture 
was then incubated at 37.5° for a precisely determined interval 
of about 2 minutes. The extent of the reduction of DPN was 
recorded, and the velocity per minute was calculated. 

The activity of crystalline alcohol dehydrogenase was de- 
termined at 1.37 and 2.74 ug per ml of final reaction mixture at 
37.5°. The averages of the values obtained by the automated 
procedure and by the manual procedure, with the Beckman 
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model DU spectrophotometer, were 3.67 and 3.62 umoles of 
DPN changed per minute per mg of enzyme, respectively. 

Speed of Determination—The preparation of solutions of the 
reagents for the lactic dehydrogenase determinations takes 
approximately 1 hour. The automated procedure permits the 
performance of 40 determinations per hour. While these 
determinations are being performed during the first hour, the 
cups in five or six sample plates may be filled with appropriate 
samples and stored, if necessary, in the refrigerator. Since a 
buzzer sounds when the last cup is sampled, about 8 minutes 
before its contents pass through the system and its activity is 
recorded, there is adequate time for the complete sample plate 
to be removed and another inserted. As many as 240 determina- 
tions can therefore be made per day; except for the first 2 hours, 
the operator can be engaged in other activities in the laboratory. 
This rate of performance is about fourfold the rate that may be 
performed with a manually operated Beckman DU spectropho- 
tometer. A similar differential exists between the automated 
and manual procedures for the determination of glutamic oxalo- 
acetic transaminase. 
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dehydrogenase activity have been described, and it has been 
shown that the results are the same, within experimental error, 
as those obtained by manual methods. The speed of perform- 
ance of the automated methods has been discussed. The princi- 
ples of the methods described in this paper are applicable to the 
automated assay of other enzymes utilizing the diphosphopy- 
ridine nucleotide reduced diphosphopyridine — nucleotide or 
the triphosphopyridine nucleotide reduced triphosphopy- 
ridine nucleotide reaction. 
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